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Diplomová práce se zabývá vývojem matematického modelu pro výparníky kompaktního typu 
– trubkový výměník s lamelami, určené pro odvlhčování vlhkého vzduchu. V úvodu práce jsou 
uvedeny standartní přístupy k analýze tepelných výměníků a několik příkladů ad-hoc 
numerických modelů pro řešení přestupu tepla a hmoty ve výměnících a chladících věží. 
V další části jsou popsány požadavky na vyvíjený MATLAB model, jeho pod-procedury a 
řešiče, které řeší různé problémy z oblasti přenosu tepla a hmoty – povrchová teplota desky, 
teplota vodního filmu stékajícího po stěně, lokální parametry proudu vlhkého vzduchu a 
podmínky pro kondenzaci na stěně a rozložení teploty chladiva v trubkovém svazku. Model je 
následně pro vybraný výměník v několika fázích validován. Experimentálních data, použitá 
k validaci, jsou získána měřením daného výměníku na testovací trati. Za účelem použití 
výsledků modelu v rozsáhlejší CFD simulaci, je vytvořen automatický postup přenosu dat 
z MATLAB modelu do CFD kódu (STAR-CCM+), za pomoci Java/C skriptů a procedur. V práci 
je také obsažen krátký uživatelský manuál, který pomůže uživateli nastavit počáteční 
podmínky, geometrii výměníku a také řídit samotný proces výpočtu, parametry řešičů a 
kontrolovat tak stabilitu řešení. Do MATLAB modelu je následně naimplementována metoda 
Proper Orthogonal Decomposition (POD), která umožňuje rekonstrukci řešení pro 
nesimulované vstupní parametry a tím tedy redukci množství dat pro přesun do CFD softwaru. 
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This master’s thesis deals with the mathematical model development for compact type 
evaporator, with focus on air dehumidification application Standard methods for heat 
exchanger analysis and examples of ad-hoc numerical models for solving heat and mass 
transfer problems in cooling towers and heat exchangers are stated in the first part of the 
thesis. Requirements and properties of mathematical model developed in MATLAB software 
are presented in next part, along with model sub-procedures and solvers, that deal with various 
heat and mass transfer problems – fin surface temperature, condensate film temperature, local 
humid air parameters and conditions for condensation and refrigerant temperature distribution 
in tube bundle. The model is then validated in multiple stages for selected heat exchanger 
geometry. An automatic procedure of data transfer is developed in order to use results of 
MATLAB model in more complex simulation within commercial CFD code (STAR-CCM+). User 
manual, that helps user to setup inlet conditions, evaporator geometry, solver parameters and 
control a solution stability is included in this work. In the end, Proper Orthogonal Decomposition 
(POD) method is introduced and implemented into MATLAB model. This method helps to 
reduce the amount of data for transfer into CFD, because it allows to reconstruct non-simulated 
solution. 
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Nomenclature 
Used symbols 
Symbol Unit Name - description 
cp J ∙ kg−1 ∙ K−1 specific heat/heat capacity at constant pressure 
l230 J ∙ kg−1 latent heat of evaporation 
∆ℎ23 J ∙ kg
−1 enthalpy of evaporation 
k W ∙ m−2 ∙ K−1 overall heat transfer coefficient 
f 1 friction factor 
?̇? kg ∙ s−1 mass flow rate 
?̇?′′ kg ∙ m−2 ∙ s−1 mass flux 
𝑤 kgH2O/kgha mass fraction 
𝒒 W ∙ m−2 heat flux vector 
D W ∙ m−1 ∙ K−1 thermal conductivity matrix 
𝜵𝑇 K ∙ m−1 temperature gradient 
x kgH2O/kgda specific humidity 
D m2 ∙ s−1 diffusivity 
𝑝 Pa pressure 
𝑝0 Pa barometric pressure 
𝑝𝑣  Pa water vapor saturation pressure 
T ℃,K temperature 
β m ∙ s−1 mass transfer coefficient 
s mm,m fin/plate thickness 
δ mm,m condensate film thickness 
h J ∙ kg−1 enthalpy 
?̇? W enthalpy flow 
𝛿𝑇𝑗
𝑖 1 iteration temperature residual 
𝛿𝑤𝑣
𝑖  1 iteration humidity residual 
𝑞𝑔𝑤 W ∙ m−2 heat flux from air to fin/film 
𝜀 1 effectiveness in ε-NTU method 
𝛼 W ∙ m−2 ∙ s−1 heat transfer coefficient 
𝐿𝑥 mm,m evaporator length 
𝐿𝑦 mm,m evaporator height 
𝐿𝑧𝑡𝑜𝑡 mm,m evaporator width 
𝜑 1 relative humidity 
𝑅𝑒 1 Reynolds number 
𝑁𝑢 1 Nusselt number 
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𝑃𝑟 1 Prandtl number 
𝑆ℎ 1 Sherwood number 
𝑆𝑐 1 Schmidt number 
𝐿𝑒 1 Lewis number 
𝐿𝑒𝑓 1 Lewis factor 
KMit  number of iterations of solution 
NTU 1 number of transfer units 
LMTD 1 logarithmic mean temp. difference 
Nd 1 number of fins in heat exchanger 
Telem 1 number of elements in tube cross-section 
ErrSurf % error of tube section area 
N 1 number of elements in x direction 
M 1 number of elements in y direction 
nTPR 1 number of tubes per row in tube bundle 
nRows 1 number of tube rows in tube bundle 
𝐻𝐵𝑒𝑟𝑟  % error of heat balance 
?̅? ℃,K average temperature 
?̅? kgH2O/kgha average humidity/average mass fraciton 
𝑞𝑏 , 𝑞𝑛 W ∙ m
−2 boundary heat flows 
𝑄 W ∙ m−3 internal heat supply 
Ω - area of elements 
Ω𝑞,𝑇 - elements boundary with heat or temperature condition 
𝜇 Pa ∙ s dynamic viscosity 
𝜈 𝑚2 ∙ 𝑠−1 kinematic viscosity 
𝜏𝑔 Pa shear stress at air-film interface 
𝐸𝑇 1 Ackermann correction factor 
𝑅 J ∙ mol−1 ∙ K−1 gas constant 
𝜆 W ∙ m−1 ∙ K−1 heat/thermal conductivity 
𝐹 1 correction factor for MLTD 
𝑦 1 mole fraction 
?̃? 1 mole fraction at saturation 
𝑢 𝑚 ∙ 𝑠−1 velocity 
  
 Development of Mathematical Model of Compact Type 
Evaporator for Air Dehumidification 
ÚSTAV MECHANIKY 
TEKUTIN A 
TERMODYNAMIKY 
 
11 
Used subscripts 
𝑎 air  
𝑑𝑎 dry air  
ha humid air  
H2O water  
w wall (fin or tube surface)  
v water vapor  
f/film condensate film  
fw film – wall interface  
mix air with water vapor  
in inlet  
out outlet  
r refrigerant  
c coolant  
l liquid  
SAT saturated state  
Used abbreviations 
HT heat transfer  
MT mass transfer  
URF under-relaxation factor  
CS system of coordinates  
HB heat balance  
HD heat duty  
RCS redistribution correction solver  
SW software  
HE heat exchanger  
HTC heat transfer coefficient  
MTC mass transfer coefficient  
UDF user defined function  
UCF user coded function  
FEM finite element method  
RH relative humidity  
LMTD logarithmic mean temperature difference  
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1 Introduction and main objective 
An increasing effort to decrease the cost of any device requires more advanced 
methods for precise simulation and modeling of physical phenomena. Heat and mass transfer 
in heat exchangers/evaporator with complex geometry is still a complicated problem, because 
an analytical solution is not often available, so numerical simulation along with measurement 
is the only option that can be used for heat duty estimation and geometry optimization. This 
master’s thesis is focused on modeling of heat and mass transfer inside evaporators for air 
dehumidification. Selected evaporator for this application is classified as a cross flow compact 
type heat exchanger (or finned tube heat exchanger) - tube bundle (single tube with multiple 
passes) with common fins (every rectangular fin is in contact with all passes of the tube), using 
R134a as a refrigerant. An evaporator is placed in heat pump circuit that can be often found in 
many air dehumidification devices. Other parts of heat pump circuits are: condenser, 
compressor and capillary tube/reduction valve. All these parts are designed as a unit, so 
optimization of one part is not very effective approach, optimization of the whole circuit is 
required. 
 
Fig. 1 Compact type – finned tube heat exchanger [1] 
The main objective of the master’s thesis is to develop parametric a mathematical 
model for this type of evaporators that is capable of simulating the total heat duty and 
condensate mass flow for given inlet and geometrical parameters. As mentioned, R134a or 
similar refrigerant is often used as in heat pump circuits, so the model will take into account 
change of phase on the tube side. Discretization of differential equation for heat and mass 
balance and discretization of evaporator geometry – meshing, will be performed, based on 
selected model complexity, considering computational resources and required precision. 
Model computation time should be sufficiently low, so that is capable of basic geometric 
optimization. A secondary target is to develop a semi-automatic procedure that will manage 
data transfer from the model into the simulation in Starccm+, commercial CFD package, using 
scripts and macros. Data, that will be transferred from MATLAB simulation, represent heat and 
mass source terms in CFD code. Agreement between results of the model and CFD simulation 
will be discussed Developed model and data transfer will be also validated in multiple stages, 
to test all necessary parts, based on experimental data acquired from test rig built for this 
application. Agreement of the model to experimental data will be discussed in summary of this 
thesis. The short version of user manual for the model will be included. As a further 
simplification of model usage, POD (Proper Orthogonal Decomposition) method along with 
RBF (Radial Basis functions) will be implemented, based on previous works and papers from 
a literature review. An automatic scripted procedure of geometry definition, inlet conditions 
specification and heat/mass sinks definition in CFD code will be implemented, which will also 
reduce overall time requirements for the model set-up and the data transfer.  
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2 Background 
Basic research of historical approaches to condensation modeling and standard 
methods for heat exchanger analysis is performed in order to understand computation 
methods more deeply, predict its limitations and evaluate suitability for application in this thesis. 
2.1 History of condensation modeling 
The first theoretical solution was elaborated by Nusselt [2] and it is focused on 
condensation of pure water vapor on a vertical wall with constant temperature. Nusselt’s 
solution contained many simplifications and assumptions. Later on, Bromley [3] and Roshenow 
[4] tried to generalize his solution, by taking into account temperature profile in water film and 
effect surface tension on water/vapor interface. There are only specific industry applications 
where pure water vapor condensation occurs, more common case is condensation of water 
vapor with non-condensable gas, usually air. Sparrow and Minkowycz [5] dealt with the 
problem of forced convection along the horizontal plate. Many experimental researchers also 
contributed to this topic. Lebedev [6] conducted many experiments that concluded total heat 
duty increases with Reynolds number and inlet air humidity. Mamyoda and Asano [7] 
investigated condensation of water vapor with air and managed to create a simple 
mathematical model for the case of horizontal tubes. A different approach to handle the 
problem of condensation took Colburn and Hougen [8]. They used the analogy between heat 
and mass transfer (Sherwood analogy) and managed to create a theory of condensation, that 
is driven by the concentration gradient of water vapor in the boundary layer of non-condensing 
gas. They also described total heat duty as a sum of sensible and latent heat. Che and others 
[9] conducted experiments to verify work of Colburn and Hougen and results shown that 
measured convective heat transfer coefficient during condensation is 1,5-2x higher than 
without condensation. Later on, Groff [10] introduced his numerical model for condensation in 
vertical tubes. His model solved parabolic differential conservation equations without any 
additional correlations for heat and mass transfer. A modern approach to model heat 
exchangers, or and heat/mass transfer in general, is numerical simulation using porous 
medium, that can be used for various types of HE geometry without a need for high mesh 
resolution, resulting in high cell count. This approach also simply takes into account pressure 
drop with viscous and porous resistance. Patankar and Spalding [11] were one of the first who 
used this approach for modeling heat and mass transfer. 
2.2 Standard methods for heat exchanger analysis 
2.2.1 𝜺-NTU method 
The method of effectiveness (𝜀-NTU) is widely used computation method, that uses 
effectiveness 𝜀 and NTU (Number of Transfer Units) parameters to evaluate heat duty and 
outlet parameters. First used by London and Seban. [12] Input data for this method are inlet 
temperatures and mass flows for both flows. The advantage of this method is that outlet 
temperatures are not necessary for computation, so iterative solution is not required. Constant 
material properties are assumed in this method. 
Effectiveness is defined as the ratio between actual heat duty and maximal heat duty. 
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𝜀 =
?̇?
?̇?𝑚𝑎𝑥
 (1) 
Maximal heat duty is given by equation (2). 
 ?̇?𝑚𝑎𝑥 = 𝐶𝑚𝑖𝑛(𝑇𝑎,𝑖𝑛 − 𝑇𝑐,𝑖𝑛) (2) 
NTU parameter is defined as 
 
𝑁𝑇𝑈 =
𝑘𝐴
𝐶𝑚𝑖𝑛
. (3) 
Where A overall is overall heat exchange area and k is overall heat transfer coefficient.The 
heat capacity ratio is defined as 𝐶𝑟 =
𝐶𝑚𝑖𝑛
𝐶𝑚𝑎𝑥
. The general relation between 𝜀 and 𝑁𝑇𝑈 for 
arbitrary heat exchanger geometry and heat capacity ratio is then expressed as 
 𝜀 = 𝑓(𝑁𝑇𝑈, 𝐶𝑟). (4) 
Outlet temperatures for both flows are evaluated from equations (5) and (6). 
 ?̇? = ?̇?𝑎𝑐?̅?,𝑎(𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡) (5) 
 ?̇? = ?̇?𝑐𝑐?̅?,𝑐(𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛) (6) 
Equations for effectiveness 𝜀 can be found in literature, tables and other technical publications 
for given geometry of heat exchanger. As an example, equation (7) describes effectiveness 
for cross flow plate heat exchanger. [12] 
 
𝜀 = 1 − 𝑒𝑥𝑝 [(
1
𝐶𝑟
)𝑁𝑇𝑈0.22{𝑒𝑥𝑝[−𝐶𝑟𝑁𝑇𝑈
0.78] − 1}] (7) 
 
Fig. 2 ε-NTU for the case of crossflow plate [13] 
This method can be easily modified for the case with condensation/evaporation simply by 
putting 𝐶𝑟 → 0. 
2.2.2 LMTD method 
Logarithmic mean temperature difference method (LMTD) was first used by Bowman 
[14]. Heat duty (rate of heat transfer) is expressed as a function of heat transfer are A, overall 
heat transfer coefficient k and mean (logarithmic) temperature difference ∆𝑇𝑙𝑜𝑔. For more 
complex geometry of heat exchanger or flow arrangements, correction factor F is introduced. 
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(𝐹 ≤ 1) In order to evaluate heat duty, outlet temperatures of both flows have to be known, so 
iterative solution is necessary. Constant flow parameters are also assumed, which may not be 
negligible in some cases. This problem can be solved by dividing whole heat exchanger into 
segments and solve in per partes. 
Heat duty (rate of heat transfer) is given by equation [15] 
 𝑄 = 𝑘𝐴𝐹∆𝑇𝑙𝑜𝑔. (8) 
Where mean logarithmic temperature difference for co-current heat exchanger is defined as 
 
∆𝑇𝑙𝑜𝑔 =
∆𝑇𝑖𝑛 − ∆𝑇𝑜𝑢𝑡
ln (
∆𝑇𝑖𝑛
∆𝑇𝑜𝑢𝑡
)
. 
(9) 
For correction (geometrical) factor F Bowman, Mueller and Nagle derived an equation based 
on experimental data and the previous work of Smith and Nusselt. [14] 
 𝐹 =
𝑟𝑐𝑟𝑜𝑠𝑠
𝑟𝑐𝑜𝑢𝑛𝑡𝑒𝑟
 (10) 
 𝑟𝑐𝑜𝑢𝑛𝑡𝑒𝑟 =
𝑝 − 𝑞
𝑙𝑛 (
1 − 𝑞
1 − 𝑝 )
 
(11) 
 
𝑟𝑐𝑟𝑜𝑠𝑠 = ∑ ∑ {(−1)
𝑢+𝑣 ∙
(𝑢 + 𝑣)!
𝑢! ∙ (𝑢 + 1)! ∙ 𝑣! ∙ (𝑣 + 1)!
∙ (
𝑝
𝑟𝑐𝑜𝑢𝑛𝑡𝑒𝑟
)
𝑢
∙ (
𝑞
𝑟𝑐𝑜𝑢𝑛𝑡𝑒𝑟
)
𝑣
}
∞
𝑣=0
∞
𝑢=0
 (12) 
Where 𝑝 a 𝑞 are heat transfer effectiveness on the cold (coolant) and the hot (air) side. 
 
𝑅 = 𝑝 =
𝑇𝑎,𝑖𝑛 − 𝑇𝑎,𝑜𝑢𝑡
𝑇𝑎,𝑖𝑛 − 𝑇𝑐,𝑜𝑢𝑡
 (13) 
 
𝑃 = 𝑞 =
𝑇𝑐,𝑜𝑢𝑡 − 𝑇𝑐,𝑖𝑛
𝑇𝑎,𝑖𝑛 − 𝑇𝑐,𝑖𝑛
 (14) 
Equation (12) shows that this method can be quite demanding for heat exchanger with complex 
geometry, mainly because of the double summation. Tables of graphs can be used instead, 
but a decrease in precision should be expected. 
 
Fig. 3 Graph for factor F as a function of R and P [12] 
Other standard methods for heat exchanger analysis can be stated: 𝑃 − 𝑁𝑇𝑈𝑡, that is a 
variation of 𝜀 − 𝑁𝑇𝑈 method modified for tube-shell heat exchanger and 𝜓 − 𝑃 method 
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proposed by Smith and Mueller, that uses 𝜓 parameter to solve heat duty, defined as 𝜓 =
Δ𝑡𝑚
𝑇𝑎,𝑖𝑛−𝑇𝑐,𝑖𝑛
. All these methods are similar and relation between them describes equation (15). 
 
𝜓 =
𝜀
𝑁𝑇𝑈
=
𝑃
𝑁𝑇𝑈𝑡
 (15) 
2.2.3 Ad-hoc numerical methods 
Both previously mentioned methods can be used as sub-procedures of a more complex 
ad-hoc model. As an example of a more complex numerical method is work Condensation of 
vapor in the presence of non-condensable gas in condenser [16] from authors Jen-De Li, 
Mohammad Saraireh and Grama Thorpe. The target of this work is to develop mathematical 
model for co-current vertical tube condenser. Humid air and water film flow through the inner 
tube and cold water through the outer tube. This discrete model provides detailed information 
about local flow parameters of both media as functions of x coordinate (along the tube). Model 
discretization is shown in Fig. 4. 
 
Fig. 4 Model discretization [16] 
Authors Ruivo, Dominguez and Costa took a different approach to solution in their work [17], 
where the modified 𝜀 − 𝑁𝑇𝑈 method is used. A heat exchanger is divided into multiple sections 
solved in series, which increases precision, because flow physical properties are changed 
according to local parameters. 
 
Fig. 5 Comparison of results [17] 
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As an example of a modern method, the work of Wahabi, Ghorab and Entchev [18] can be 
stated. They use full 3D CFD analysis for heat transfer modeling inside finned tube heat 
exchanger. Cold air flows between fins and hot water inside tubes. The target of this work is 
to study dependency of local flow parameters and overall heat duty on inlet velocity profile and 
heat exchanger geometry. Results comparison for constant and linear inlet velocity profile is 
shown in Fig. 6. 
 
Fig. 6 Comparison of vel. and temp. profile for constant and linear inlet vel. profile [18] 
More advanced approach to heat transfer modeling inside heat exchangers is presented in 
work POD based modeling on flow and heat transfer of air-cooled condenser influenced by 
natural wind [19]. Authors use POD (Proper Orthogonal Decomposition) method and multiple 
discrete solutions for selected inlet parameters, to reconstruct arbitrary point from parameter 
space. This approach allows for a decrease of computation time, despite lower precision of 
results compared to direct numerical simulation or CFD simulation. An important result from 
this work number of POD modes that is necessary for a good approximation. From Fig. 7, it is 
obvious, that using 3-4 modes is sufficient even for more complex geometry. 
 
Fig. 7 Dependence of relative error on number of POD modes [19] 
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Jakub Adamec concluded similar result in his work [20]. Author models heat and mass transfer 
in fill material in cooling towers. Developed 1D model includes POD method in multiple 
modifications. Results are compared to direct numerical solution and a similar number of POD 
modes required to good approximation is concluded. A total number of variable parameters 
has an effect on the precision of results, reconstructed with POD and RBF methods and it is 
deeply analyzed in this work. Results for 2 variable parameters and its error are shown in Fig. 
8. 
 
Fig. 8 POD solution and its error compared to direct solution for 2 variable parameters [20] 
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3 Development of MATLAB model 
The mathematical model is developed in MATLAB SW, because of user-friendly 
environment, simple implementation of matrix operations and ability to use advanced 
optimization tools for model validation and development. The Model contains simple menu 
interface for user convenience and tool for data transfer into commercial CFD code. 
Optimization of code will be performed so model can be used for optimization of heat 
exchanger geometry. 
3.1 Model requirements and properties 
The mathematical model simulates heat transfer between humid air and 
coolant/refrigerant flowing through tubes. Next, simulates mass transfer on outer side - water 
vapor condensation from air into water film on fins and tubes, and refrigerant evaporation on 
internal (tube) side. The model predicts locations, where condensation occurs, based on local 
flow parameters and local fin/tube temperature. Model is parametric in inlet conditions 
(air/refrigerant temperature and mass flow, humidity, pressure) and also in heat exchanger 
geometrical parameters (width, height, length, a number of fins, a number of tubes, tube pitch).  
 
Fig. 9 Evaporator diagram 
3.2 Model complexity 
A very important attribute of the model is its dimension – in how many axis 
parameter/property distribution is solved. Choice of model dimension and its complexity affects 
precision, computation time and computational resources. 
▪ 1D model is not very suitable for this application, because important parameter for 
condensation - surface temperature of fin cannot be simplified to 1D case, so big error 
in condensate mass flow can be expected and thus big error in overall heat duty. 
Results from this model also would not be very well compatible with more complex CFD 
simulation 
▪ Full 3D simulation provides highest precision of outlet parameters (if model is properly 
calibrated), but model will be very demanding – long computation time, high 
computation resources requirements. Development of this model is also demanding, 
but would provide best compatibility with more complex CFD simulation. 
▪ To obtain a balance between model precision, computation time and computation 
requirements, 2D model is used. 2 dimensions (coordinate x and y) where flow 
parameters are solved correspond to 2 (plate) edges of a fin as shown in Fig. 10. 
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Fig. 10 2D model schema 
From point of view of data transfer into commercial CFD, 2D model is not the best, because in 
remaining z coordinate, all parameters are constant. This fact might cause imprecise results if 
big non-uniformities in z coordinate are present – for example non-uniform velocity in inlet 
caused by inlet duct. 
3.3 Governing equations 
Differential equations describing heat and mass transfer problems are listed below. Equations 
(16) and (17) describe the general balance of mass for air and film flow. Ad hoc equation (18), 
(19) and (20) describe conservation of enthalpy in 1 slot (space between 2 neighboring fins). 
Discretization of the equation (21) is used for a surface temperature analysis. 
 
Fig. 11 Flow region - slot 
▪ Continuity equation for air 
 𝜕𝜌𝑎
𝜕𝑡
+
𝜕(𝜌𝑢𝑎,𝑖)
𝜕𝑥𝑖
= 0; 𝑖 =  {1, 2, 3} = {𝑥, 𝑦, 𝑧} (16) 
▪ Continuity equation for water film 
 𝜕𝜌𝑓
𝜕𝑡
+
𝜕(𝜌𝑓𝑢𝑓,𝑖)
𝜕𝑦
= 0 (17) 
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▪ Enthalpy conservation equation for humid air 
 𝑑𝑄𝑎→𝑓 = 2𝑞𝑎→𝑓𝑑𝑥𝑑𝑦 = 𝑑𝐻𝑎 − 𝑉𝑎𝑑𝑝𝑎 (18) 
▪ Enthalpy conservation equation for water film 
 −𝑑𝑄𝑓→𝑤 + 𝑑𝑄𝑎→𝑓 = (−𝑞𝑓→𝑤 + 𝑞𝑎→𝑓)𝑑𝑥𝑑𝑦 = 𝑑𝐻𝑓 (19) 
▪ Enthalpy conservation equation for refrigerant/coolant 
 𝑑𝑄𝑤→𝑐 = 𝑑𝐻𝑐 − 𝑉𝑐𝑑𝑝𝑐 (20) 
▪ Fourier’s law for heat convection 
 ?⃗? = −𝜆 ∙ 𝛁𝑇 (21) 
▪ Equation of state for ideal gas 
 𝑝 = 𝜌𝑅𝑇 (22) 
3.4 Dimensionless numbers 
Dimensionless numbers used in heat and mass transfer equations and correlations are listed 
below. Numbers are evaluated for local flow properties. 
▪ Reynolds number: 
 
𝑅𝑒 =
𝑢𝐿
𝜈
 (23) 
▪ Prandtl number: 
 Pr =
𝜈
𝑎
=
𝜌𝑐𝑝𝜈
𝜆
 (24) 
▪ Nusselt number: 
 
𝑁𝑢 =
𝛼𝐿
𝜆
 (25) 
▪ Schmidt number: 
 𝑆𝑐 =
𝜈
𝐷
 (26) 
▪ Sherwood number: 
 
𝑆ℎ =
𝛽𝐿
𝐷
 (27) 
▪ Lewis number: 
 
𝐿𝑒 =
𝑎
𝐷
=
𝑆𝑐
𝑃𝑟
 (28) 
▪ Lewis factor: 
 𝐿𝑒𝑓 =
𝛼
𝑐𝑝𝛽
 (29) 
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3.5 Simplifying assumptions 
Modeling heat and mass transfer in complicated geometry is a complex problem, so 
couple simplifications are assumed: [21] 
1) The fin is flat. (corrugated fins are usually present, the effect of corrugation in included 
in AreaFx, AreaFy parameters – area increase factors – see note 1) 
2) For the first guess, refrigerant temperature is constant (equal to boiling temperature) 
through whole evaporator. During simulation, refrigerant temperature distribution is 
developing. 
3) Condensate from tubes is dropping down, not flowing down the fin. 
4) Temperature of fin is constant through its thickness. 
5) No heat flow from fin edges.  
6) All fields of flow parameters (temperature, velocity, humidity …) are constant in z 
direction in every slit. 
7) Steady-state flow. 
8) Perfect contact between outer tube surface and fin. 
Note 1.:Area increase factors are simple means of taking into account waves on fins in both 
directions and its effect of increasing total heat transfer area of the fin. However, this approach 
does not take into account aerodynamical effect caused by these waves. 
Parameter AreaFy considers fin area increase due to "waves" in y direction: (AreaFy > 1, 
AreaFx = 1) 
 
Fig. 12 Schema of waves in y direction 
Similarly, parameter AreaFx considers fin area increase due to "waves" in x direction: (AreaFx 
> 1, AreaFy = 1) 
3.6 Model discretization and equations for heat and 
mass balance 
Finding a continuous solution for heat exchangers with complex geometry and general 
flow arrangement is very complicated, almost impossible. So, searching for a discrete 
numerical solution is the only option (except measurement of parameters on test rig), but also 
sufficient option in most cases. A discrete solution requires mesh/element to be defined, in this 
case, structured mesh with rectangular elements is used. Algorithms for generating tube 
circular cross-section in a rectangular grid are developed. 
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3.6.1 Coordinate system and flow orientation 
Heat exchanger with arbitrary dimensions and its coordinate system is in Fig. 13. (x – 
length, y – height, z - width) 
 
Fig. 13 Coordinate system orientation 
Air flow is always orientated in x direction (from left to right), and refrigerant flow is oriented in 
z direction – “inlet tube section” is placed at upper right corner of fin and “outlet tube section” 
at upper left corner (only even number of tube columns with staggered pattern is supported in 
this version). 
3.6.2 Meshing 
Automatic mesh generation (and tube bundle generation) on fin is included in the 
model. (only parameter of the mesh is Telem - #of elements per tube cross-section). Number 
of elements in x direction - N and y direction - M is solved automatically for given Telem 
parameter by sub-optimization (minimization) of tube cross section are error - 𝐸𝑟𝑟𝑆𝑢𝑟𝑓. 
 
Fig. 14 Automatic mesh 
For numerical simulation, it is necessary to divide tube into elements/segments in which 
temperature/enthalpy increments are evaluated. In this model, tube element is defined by tube 
segment between 2 neighboring fins. 
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Fig. 15 Tube segment/elements definition 
3.7 Discrete equations for heat and mass balance 
Differential equations in incremental form for heat and mass balance in 1 slot (space 
between 2 neighboring fins), between air, film and fin/tube surface, used to solve local air 
temperature, humidity, film temperature and mass flow. [22] [21] 
 
Fig. 16 Discretization 
Air/film heat balance: 
 ?̇?𝑎𝑖,𝑗𝑐𝑝,𝑎𝑇𝑔𝑖,𝑗 + ?̇?𝑣𝑖,𝑗(𝑙230 + 𝑐𝑝,𝑣𝑇𝑔𝑖,𝑗) = 
?̇?𝑎𝑖+1,𝑗𝑐𝑝,𝑎𝑇𝑔𝑖+1,𝑗 + ?̇?𝑣𝑖+1,𝑗(𝑙230 + 𝑐𝑝,𝑣𝑇𝑔𝑖+1,𝑗) + 𝛼𝑔𝑓𝐸𝑇(𝑇𝑔𝑖,𝑗 − ?̅?𝑓𝑖,𝑗)𝑑𝑥𝑑𝑦 
(30) 
Film/air/surface heat balance: 
?̇?𝑓𝑖,𝑗𝑐𝑓?̅?𝑓𝑖,𝑗 = 
 ?̇?𝑓𝑖,𝑗+1𝑐𝑓?̅?𝑓𝑖,𝑗+1 − 𝛼𝑔𝑓𝐸𝑇(𝑇𝑔𝑖,𝑗 − ?̅?𝑓𝑖,𝑗)𝑑𝑥𝑑𝑦 + 𝛼𝑓𝑤(?̅?𝑓𝑖,𝑗 − 𝑇𝑓𝑤𝑖,𝑗)𝑑𝑥𝑑𝑦 (31) 
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Refrigerant mass balance: 
 ?̇?𝑐,𝑘 = ?̇?𝑐,𝑘+1 (32) 
Overall mixture (air) and film mass balance: 
 ?̇?𝑓𝑖,𝑗 + ?̇?𝑔𝑖,𝑗 = ?̇?𝑓𝑖,𝑗+1 + ?̇?𝑔𝑖+1,𝑗 (33) 
Film mass balance: 
 ?̇?𝑓𝑖,𝑗 + ∆?̇?𝑓𝑖,𝑗 = ?̇?𝑓𝑖,𝑗+1 (34) 
Mixture (air) mass balance: 
 ?̇?𝑔𝑖,𝑗 = ?̇?𝑔𝑖+1,𝑗 + ∆?̇?𝑓𝑖,𝑗 (35) 
Additional equations: 
 ?̇?𝑔𝑖,𝑗 = ?̇?𝑎𝑖,𝑗 + ?̇?𝑣𝑖,𝑗;   (36) 
 ?̇?𝑔𝑖+1,𝑗 = ?̇?𝑎𝑖,𝑗 + ?̇?𝑣𝑖+1,𝑗; (37) 
 |∆?̇?𝑣𝑖,𝑗| = |∆?̇?𝑓𝑖,𝑗| (38) 
Equations above form a system of differential equations in incremental form. Explicit first order 
Euler method is used to solve this system. 
Local heat and mass transfer coefficients are obtained from correlations for the case of flow in 
small slot (as a limit of concentric annular duct) and flow over staggered tube bundle. These 
coefficients are then used to solve overall heat transfer coefficient according to following 
picture. [22] [21] 
 
Fig. 17 Overall HTC 
3.8 MATLAB solver sub-procedures 
MATLAB model itself is composed of multiple sub-procedures, which solve various heat 
and mass transfer problems. [21] 
• Surface temperature solver 
• Refrigerant temperature solver 
• “i + j” cycles to solve air and film local parameters (Air/film enthalpy solver) 
• Film thickness solver 
• Film temperature solver 
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Fig. 18 MATLAB model - solver diagram 
The iterative solution procedure is obvious from the diagram above. First, the initial distribution 
of air temperature and condensate flow field is solved from guessed refrigerant temperature 
distribution. Based on new air temperature, a new refrigerant temperature distribution is 
solved, from which new fin surface temperature is evaluated. New refrigerant and surface 
temperature are then used to solve for new air temperature and condensate flow and iteration 
loop is completed. A number of iterations required to obtain stable solution depends on inlet 
conditions, but varies from 50 to 150. 
Under-relaxation factors are included in Surface temperature solver and Refrigerant 
temperature solver, to avoid solution instability during first couple iterations. 
3.8.1 Film thickness solver (viscosity effect in condensate 
film) 
Because the focus is on evaporators for air dehumidification, low condensate flow is 
expected, thus, small thickness of a film is assumed. Velocity gradient for a simple 1D case of 
fluid film on vertical wall can be then derived as [16] 
 𝑑𝑢𝑓
𝑑𝑧
=
𝜌𝑓 − 𝜌𝑔
𝜇𝑙
𝑔(𝛿 − 𝑧) +
𝜏𝑔
𝜇𝑙
. (39) 
Ordinary differential equation above is integrated and boundary conditions applied, velocity 
profile is obtained. [16] 
 
𝑢𝑓(𝑧) =
𝜌𝑓 − 𝜌𝑔
𝜇𝑙
𝑔 [𝛿𝑧 −
1
2
𝑧2] +
𝜏𝑔
𝜇𝑙
𝑧 (40) 
Where range for z coordinate is 0 ≤ 𝑧 ≤ 𝛿𝑗,𝑖, 𝜌𝑓 – condensate film density, 𝜌𝑔 – mixture density 
and 𝜏𝑔 is shear stress at interface between mixture and film. 
Local mean velocity in condensate film is obtained by integration over local film thickness 
 
?̅?𝑓(𝑥, 𝑦) = ?̅?𝑓,𝑗,𝑖 =
1
𝛿𝑗,𝑖
∫ 𝑢𝑓(𝑥, 𝑦, 𝑧)
𝛿𝑗,𝑖
0
𝑑𝑧 (41) 
Local mass flow of condensate film: 
 ?̇?𝑓,𝑗,𝑖 = 𝜌𝑓?̅?𝑓,𝑗,𝑖𝛿𝑗,𝑖𝑑𝑥 (42) 
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Fig. 19 Viscosity effect in condensate film 
These equations are used to solve local film thickness - 𝛿𝑖,𝑗, that is necessary for solving heat 
transfer through film. 
3.8.2 Film temperature solver 
Local temperature of film on tubes and fins is very important parameter for heat transfer 
and condensation and it is determined from heat balance between humid air, film and fin/tube 
surface [23]. 
Heat balance between air, film and surface can be written as 
 𝑘′(𝑇𝐹 − 𝑇𝑓𝑤) = ?̇?𝑓′′𝛥ℎ23 + 𝛼𝑓𝑔𝐸𝑇(𝑇𝐺 − 𝑇𝐹). (43) 
Increment of film mass flow: 
 
?̇?𝑓′′ = 𝜌𝑔𝛽𝑔𝑙𝑛 (
1 − 𝑦?̃?{𝑇𝐹}
1 − 𝑦𝑣
) (44) 
 
𝜙𝑇 =
𝜌𝑔𝛽𝑔𝑐𝑝𝑣
𝛼𝑓𝑔
𝑙𝑛 (
1 − 𝑦?̃?{𝑇𝐹}
1 − 𝑦𝑣
) (45) 
Combining equations above we obtain: 
 
𝑘′(𝑇𝐹 − 𝑇𝑓𝑤) = 𝛼𝑓𝑔𝜙𝑇 (
𝛥ℎ23
𝑐𝑝𝑣
+
𝑇𝐺 − 𝑇𝐹
1 − 𝑒𝑥𝑝(−𝜙𝑇)
) (46) 
Equation (46) is solved iteratively:  
 
→ 𝑇𝐹
𝑖+1 = 𝑇𝑐 +
𝛼𝑓𝑔𝜙𝑇
𝑘′
(
𝛥ℎ23
𝑐𝑝𝑣
+
𝑇𝐺 − 𝑇𝐹
𝑖
1 − 𝑒𝑥𝑝(−𝜙𝑇)
) (47) 
From equation (47), mean film temperature is solved after couple iterations. This equation is 
also used as a part of solution stability monitoring – the first indication of solution divergence 
is unstable film temperature, if this fact is detected, simulation is terminated. 
3.8.3 Superposition of heat and mass transfer 
Theoretical heat transfer coefficient on fin and tube is known, but effect of tube 
presence on heat transfer coefficient on fins (and fin presence to heat transfer coefficient on 
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tubes), needs to be included. If we assume that evaporator is only composed of tubes, total 
heat duty without condensation (mass transfer) can be written symbolically as: [21] 
 𝑄𝑡𝑢𝑏𝑒𝑠 = ?̃?𝑡𝑢𝑏𝑒 ∙ 𝐴 ∙ (𝑇𝑔 − 𝑇𝑓)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , (48) 
where α̃tube is heat transfer coefficient on tubes. Similarly, if evaporator (heat exchanger) is 
made only from fins, total heat duty is: 
 𝑄𝑓𝑖𝑛𝑠 = ?̃?𝑝𝑙𝑎𝑡𝑒 ∙ 𝐴 ∙ (𝑇𝑔 − 𝑇𝑓)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ , (49) 
where ?̃?𝑝𝑙𝑎𝑡𝑒 is heat transfer coefficient on fins/plates. 
Superposing fins and tubes, total heat duty without condensation (mass transfer) is 
symbolically: 
 𝑄𝑡𝑜𝑡 = (𝑅𝑝 ∙ ?̃?𝑝𝑙𝑎𝑡𝑒 + 𝑅𝑡 ∙ ?̃?𝑡𝑢𝑏𝑒) ∙ 𝐴 ∙ (𝑇𝑔 − 𝑇𝑓)
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ . (50) 
Where superposition (effectiveness) coefficients 𝑅𝑝, 𝑅𝑡 are derived from experimental data by 
optimization – fitting the model results to results from experiment. These coefficients describe 
influence of temperature and velocity field of one case to the other. Similar hypothesis can be 
made with condensate mass flow, so another 2 effectiveness coefficients are introduced. 
3.8.4 Plate/fin surface temperature solver 
After considering simplifications (mainly points 1,4 and 5), problem of fin surface 
temperature can be then solved separately (based on informations from air and refrigerant 
side) as 2D heat conduction problem in rectangular domain. To ensure unique solution, 
boundary conditions are required – refrigerant temperatures at fin/tube intersections are used. 
As a volumetric heat loads, local heat flow from gas (or film) into fin is used. [24] [21] 
Necessary equations for discrete solution of heat conduction in 2D domain using FEM. 
Heat flow (flux) vector 
 𝒒 = [
𝑞𝑥
𝑞𝑦
]. (51) 
Fourier’s law in matrix form 
 𝒒 = −𝑫𝛁𝑇. (52) 
Linear shape functions (N) are chosen for interpolation, weak formulation is established as 
 
∯ 𝑩𝑇𝑠𝑫𝑩𝑑𝛺𝒂 =
𝛺
− ∮ 𝑵𝑇𝑡𝑞𝑏𝑑𝜕𝛺
𝜕𝛺𝑞
− ∮ 𝑵𝑇𝑠𝑞𝑛𝑑𝜕𝛺
𝜕𝛺𝑇
+ ∯ 𝑵𝑠𝑄𝑑𝛺
𝛺
. (53) 
Where 
 𝑩 = 𝛻𝑵, (54) 
 𝒂 = [𝑇𝑖]. (55) 
Like in elasticity, stiffness matrix, boundary terms and load vector are defined as: 
The stiffness matrix 
 
𝑲 = ∯ 𝑩𝑇𝑠𝑫𝑩𝑑𝛺
𝛺
. (56) 
Boundary terms (boundary load) 
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𝒇𝑏 = −∮ 𝑵
𝑇𝑡𝑞𝑏𝑑𝜕𝛺
𝜕𝛺𝑞
− ∮ 𝑵𝑇𝑡𝑞𝑛𝑑𝜕𝛺
𝜕𝛺𝑇
. (57) 
Internal load vector (volumetric heat sources): 
 
𝒇𝑙 = ∯ 𝑵𝑡𝑄𝑑𝛺
𝛺
. (58) 
Equations from weak formulation can be then rewritten as a simple matrix equation: 
 𝑲𝒂 = 𝒇𝑏 + 𝒇𝑙 = 𝒇. (59) 
This method is tested on following example: 
At the corners and in the middle of a square (1mm thickness, 100x100 mm) plate different heat 
of sources are placed. 4 Blue dots represent tubes with a given temperature (8℃). Mesh grid 
100x100 is used. Resulting temperature for the example is shown in Fig. 20. 
 
Fig. 20 Testing example for FEM 
This method is then applied on heat exchanger geometry for arbitrary inlet conditions, resulting 
surface temperature is shown in Fig. 21. 
 
Fig. 21 FEM result during simulation of real heat exchanger 
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Because plate/fin surface temperature is solved every iteration, code optimization is required 
to decrease overall computation time even for fine meshes. Temperature in mesh nodes can 
solver from equation (60) by 
 𝒂 = 𝑲−𝟏𝒇 (60) 
3.8.4.1 Solver improvements 
Matrix inverse operation (equation (60)) is very demanding and imprecise for large 
matrices. The dimension of stiffness matrix for a coarse mesh is typically 7300x7300, which 
takes 22 seconds on average (4 core CPU, 3,3GHz). This is not suitable for simulations that 
usually take 150 iterations to converge. Matrix inverse can be replaced by mldivide operation 
implemented in MATLAB. 
 𝒂 = 𝑲\𝒇 (61) 
This operation noticeably improves code performance, the computation time of solving 
equation (61) is decreased to 9 seconds for same coarse mesh, but further improvements are 
required. Because stiffness matrix 𝑲 is constant (under an assumption that fin/plate material 
conductivity is not rapidly changing with temperature), it can be assembled only once, before 
the iteration procedure starts. Next, typical stiffness matrix for any finite elements problem in 
2D is a sparse matrix, so optimized algorithms for this type of matrices is used – sparse matrix 
definition in triplet form (CRS – compressed row storage). This decreases demands on 
memory and also speeds up stiffness matrix assembly. Combining mldivide() and sparse 
matrices, the computation time of solving equation (62) is decreased to 0.9 seconds. 
 𝒂 = 𝑲𝑠𝑝𝑎𝑟𝑠𝑒\𝒇 (62) 
At this point, computation time is sufficiently low, but further improvement can be made. The 
reason for that is the algorithm used by mldivide() function, it uses LU factorization modified 
for sparse matrices. This is inefficient, because mldivide() algorithm performs LU 
decomposition of 𝑲𝑠𝑝𝑎𝑟𝑠𝑒 every iteration, so it is appropriate to perform decomposition before 
iteration procedure starts, by using MATLAB function lu(). 
 [𝑳𝑲, 𝑼𝑲] = 𝑙𝑢(𝑲𝑠𝑝𝑎𝑟𝑠𝑒) (63) 
Equation (62) is then replaced by 2 equations 
 ?̃?𝑡𝑒𝑚𝑝 = 𝑳𝑲\𝒇 (64) 
 𝒂 = 𝑼𝑲\?̃?𝑡𝑒𝑚𝑝. (65) 
A solution of 2 equation above takes 0.02 second on average, but additional time for LU 
decomposition before the simulation is required. 
Plate/fin surface also needs to be divided into sub-regions (areas), from where all the heat flow 
coming from the air is assigned to specific tube cross section. This allows evaluating 
enthalpy/temperature increment of tube pass. In general, these sub-regions can be traced by 
finding locations, where local heat flux inside the fin is 0 or very small. A boundary of these 
sub-regions are very complicated (Fig. 22); so an additional simplification is required. 
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Fig. 22 Complex fin sub-region (arrows - heat flux, colorbar - temperature) 
Simplified sub-regions of fin surface are shown in Fig. 23. 
 
Fig. 23 Simplified fin sub-regions 
This simplification also brings new problem – for a case with big temperature gradients 
between 2 neighboring tubes, some of the heat that in reality “flows” into tube 1 is within this 
simplification associated with tube 2. This causes an error in heat balance (difference of 
enthalpy on air side is not equal to enthalpy on the refrigerant side). To prevent this situation, 
Redistribution Correction Solver is added. RCS eliminates this error by transferring additional 
heat from 1 sub-region to the other, based on estimation from heat flux integral on its boundary. 
3.9 Heat transfer coefficients  
Essential part of mathematical model are coefficients for heat and mass transfer. 
Theoretical HT/MT coefficients can be found in many papers, but calibration based on 
experimental data is necessary to achieve high precision of model outputs. 
3.9.1 Correlations for heat transfer coefficients 
There are 3 surfaces where HT occurs – outer and inner tube surface and fins. 
Respective theoretical HT coefficients used in model are described below.  
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3.9.1.1 Heat transfer coefficient on tube 
To model heat transfer between mixture (air and water vapor) and tubes (or film on 
tubes), well known correlation for staggered tube bundle is used (Fig. 24). Correction for lower 
number of tube rows is also included. [23]  
 
Fig. 24 Tube bundle schema [23] 
Characteristic length: 
 𝑙 = (
𝜋
2
)𝑑0 (66) 
Pitch ratios: 
 Transverse 𝑎 =
𝑠1
𝑑0
, (67) 
 Longitudinal 𝑏 =
𝑠2
𝑑0
. (68) 
Void fraction: 
 𝜓 = 1 −
𝜋
4𝑎
 (69) 
Arrangement factor: 
 
𝑓𝐴,𝑠𝑡𝑎𝑔 = 1 +
2
3𝑏
. (70) 
Nusselt number: 
 
𝑁𝑢𝑙,𝑙𝑎𝑚 = 0,664√𝑅𝑒𝜓 √𝑃𝑟
3
 (71) 
 
𝑁𝑢𝑙,𝑡𝑢𝑟𝑏 =
0,037𝑅𝑒𝜓
0,8𝑃𝑟
1 + 2,443𝑅𝑒𝜓
−0,1(P𝑟2/3 − 1)
 (72) 
 
𝑁𝑢𝑙,0 = 0,3 + √𝑁𝑢𝑙,𝑙𝑎𝑚
2 + 𝑁𝑢𝑙,𝑡𝑢𝑟𝑏
2  (73) 
 𝑁𝑢0,𝑏𝑜𝑢𝑛𝑑𝑙𝑒 = 𝑓𝐴,𝑠𝑡𝑎𝑔𝑁𝑢𝑙,0 (74) 
Considering effect of the number of rows by including correction factor 
 
𝑁𝑢0,𝑏𝑜𝑢𝑛𝑑𝑙𝑒 =
1 + (𝑛 − 1)𝑓𝐴,𝑠𝑡𝑎𝑔
𝑛
𝑁𝑢𝑙,0. (75) 
Heat transfer coefficient 
 
𝐻𝑇𝐶𝑡 =
𝑁𝑢0,𝑏𝑜𝑢𝑛𝑑𝑙𝑒 ∙ 𝜆
𝑙
. (76) 
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Range of validity: 
𝑅𝑒𝜓 =
𝑤𝑙
𝜓𝜈
     10 < 𝑅𝑒𝜓 < 10
6 
𝑃𝑟 =
𝜈
𝑎
     0,6 < 𝑃𝑟 < 103 
3.9.1.2 Heat transfer coefficient on fin 
Heat transfer between mixture (air and water vapor) is modeled with correlations for 
laminar flow (verified for reasonable range of inlet parameters) in parallel duct, as a limit of 
correlations for concentric annular ducts, introduced by Martin, Stephan, Mercer et al. [23] 
Local flow parameters are used to evaluated heat transfer coefficient. It is also assumed, that 
corrugation on fins does not cause turbulent flow. 
 
Fig. 25 Rectangular duct [23] 
Characteristic length: 
 𝑑ℎ = 2 ∙ 𝑠 (77) 
Nusselt numbers: [23] 
Asymptotic Nusselts number for hydrodynamically developed flow 
 𝑁𝑢1 = 7.541. (78) 
Nusselt number for thermally developing flow 
 
𝑁𝑢2 = 1.841 ∙ √
𝑅𝑒 ∙ 𝑃𝑟 ∙ 𝑑ℎ
𝑙
3
. (79) 
Nusselt number for hydrodynamically and thermally developing flow 
 
𝑁𝑢3 = (
2
1 + 22 ∙ 𝑃𝑟
)
1/6
(𝑅𝑒 ∙ 𝑃𝑟 ∙ 𝑑ℎ/𝑙)
1/2. (80) 
Overall Nusselt number: 
 𝑁𝑢𝑚 = (𝑁𝑢1
3 + 𝑁𝑢2
3 + 𝑁𝑢3
3)1/3 (81) 
Heat transfer coefficient: 
 
𝐻𝑇𝐶𝑝 = 𝛼𝑓𝑤 =
𝑁𝑢𝑚 ∙ 𝜆𝑔
𝑑ℎ
 (82) 
Range of validity: 
0.6 ≤ 𝑃𝑟 ≤ 1000 
0 ≤
𝑑ℎ
𝑙
≤ 1 
1 ≤ 𝑅𝑒 ≤ 2300 
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3.9.1.3 Heat transfer coefficient on refrigerant side 
Well known correlations for heat transfer coefficient inside pipe during turbulent flow 
and piecewise constant wall temperature (constant outer tube surface temperature is 
assumed) is used. [23] If local flow parameters of refrigerant satisfy boiling conditions, constant 
value for HTC is used - 𝛼𝑤𝑤,𝑏𝑜𝑖𝑙 = 10
5 𝑊 ∙ 𝑚−2 ∙ 𝐾−1. This simplification does not lead to 
significant error, because main (>96%) heat resistance is located on air side. 
Nusselt number: 
 
𝑁𝑢𝑟 =
𝜉/8 ∙ 𝑅𝑒 ∙ 𝑃𝑟
1 + 12.7 ∙ √𝜉/8(Pr2/3 − 1)
[1 + (
𝑑𝑖
𝑙
)
2/3
] (83) 
Friction factor: 
 𝜉 = (1.8 ∙ log10 𝑅𝑒 − 1.5)
−2 (84) 
Heat transfer coefficient: 
 
𝐻𝑇𝐶𝑟 = 𝛼𝑤𝑤 =
𝑁𝑢𝑟 ∙ 𝜆𝑟
𝑑𝑖
 (85) 
Range of validity: 
0.1 ≤ 𝑃𝑟 ≤ 1000 
𝑑𝑖
𝑙
≤ 1 
104 ≤ 𝑅𝑒 ≤ 106 
3.9.2 Mass transfer coefficients 
Modified Sherwood analogy based on work of Kloppers and Kröger [25] is used for 
mass transfer coefficient evaluation. Method takes into account effect of Lewis factor change 
based on flow parameters, as described by Bourillot [26] and others, which disapproves 
assumption of Merkel and Lewis [27], that 𝐿𝑒𝑓 = 1. 
Lewis number for humid air: 
 
𝐿𝑒 =
𝑆𝑐𝑔
𝑃𝑟𝑔
 (86) 
Humidity/saturation parameter: 
 
𝜉 =
𝑥𝑆𝐴𝑇 + 𝑑
𝑥 + 𝑑
 (87) 
Where 𝑑 =
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟
𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑎𝑖𝑟
= 0.622 [25] 
Correction function 
 
𝐹(𝜉) =
log 𝜉
𝜉 − 1
 (88) 
Lewis factor in Bosnjakovic form 
 
𝐿𝑒𝑓 =
𝐿𝑒2/3
𝐹(𝜉)
 (89) 
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Mass transfer coefficient 
 
𝑀𝑇𝐶 = 𝛽 = 𝑆𝑝,𝑡
𝐻𝑇𝐶
𝑐𝑝,𝑔 ∙ 𝐿𝑒𝑓
 (90) 
Coefficients 𝑆𝑝and 𝑆𝑡 are derived from experimental data by optimization (fitting model to 
experimental data). 
3.10 Model validation 
Developed mathematical model is validated and calibrated with experimental data, in 
order to deliver precise and reliable results in wide range of inlet and geometrical parameters. 
Validation itself is divided into 4 stages, in which all necessary parts of the model are verified. 
The complex test rig is constructed for reliable data acquisition. Ing. Lukáš Dvořák, Ph.D., Ing. 
Zdeněk Sumara, Bc. Michal Šochman and Ing. Michal Schmirler, Ph.D. contributed to building 
this device, development of control software and conduction of experiments. 
 
Fig. 26 Test rig with heat pump circuit 
Multiple validations of test rig are performed, to test and verify uniform inlet conditions into a 
evaporator, humidification, inlet temperature control, total mass flow control, the precision of 
measured values behind evaporator and condenser etc. 
 
Fig. 27 Test rig construction 
3.10.1 Parameter of selected heat exchanger 
Validation of mathematical model requires real heat exchanger/evaporator that can be 
used for measurements on the test rig to obtain necessary data. Dimensions of selected heat 
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exchanger are listed in Table 1. It is a part of heat pump unit, other components of the circuit 
are also incorporated into test rig to assure proper refrigerant circulation. 
Width 
(mm) 
Height 
(mm) 
Depth 
(mm) 
Number of 
fins (1) 
Fin pitch 
(mm) 
Fin thickness 
(mm) 
234 150 87 117 2 0.12 
Table 1 Heat exchanger parameters 
Parameters of tube bundle are listed in Table 2. 
Tube 
pattern 
Tube outer 
diameter 
(mm) 
Tube 
thickness 
(mm) 
Number of 
rows (1) 
Number of 
tubes per 
row (1) 
Tube x 
pitch (mm) 
Tube y 
pitch (mm) 
staggered 9.52 0.7 12 2 21.65 25 
Table 2 Tube bundle parameters 
 
Fig. 28 Real evaporator used to measurements and mesh in profile 
Different meshes are applied, depending on application. 
▪ Coarse mesh for fast simulation – 𝑀 = 112,𝑁 = 65, 𝑇𝑒𝑙𝑒𝑚 =  37, 𝐸𝑟𝑟𝑆𝑢𝑟𝑓 = 0.68% 
 
Fig. 29 Coarse mesh section 
▪ Medium mesh for optimization – 𝑀 = 174,𝑁 = 101, 𝑇𝑒𝑙𝑒𝑚 = 97, 𝐸𝑟𝑟𝑆𝑢𝑟𝑓 = 0.71% 
 
Fig. 30 Medium mesh section 
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▪ Fine mesh for data transfer – 𝑀 = 238,𝑁 = 138, 𝑇𝑒𝑙𝑒𝑚 = 185, 𝐸𝑟𝑟𝑆𝑢𝑟𝑓 = 0.33% 
 
Fig. 31 Fine mesh section 
Validation stages: 
1. No condensation on air side and water as a coolant 
2. Condensation on air side and R134a as a refrigerant 
3. Validation of data transfer between MATLAB model and CFD SW 
Minor modifications of test rig were required for every stage of validation – changing coolant 
from water to R134a, creating baffles in from of evaporator, etc. Verification of uniform inlet 
conditions to evaporator inside test rig is also performed, to eliminate as many variables as 
possible and provide reliable input to model validation. 
3.10.2 Stage 1 validation 
The first stage of validation is done with no condensation and water as a coolant. It is 
focused correction of heat transfer coefficient on the air side. A total of 25 points (Table 3) are 
measured on the test rig with selected heat exchanger (evaporator), but only 20 points are 
used for validation, because 5 points excluded due to high (>5%) heat balance error evaluated 
from experimental data. The main target of this validation is to identify 2 important 
superposition (effectiveness) coefficients 𝑅𝑝, 𝑅𝑡. Using simplex method (Nelder-Mead simplex 
algorithm) implemented in MATLAB – Optimization Toolbox function fminsearch. Target 
function (fitness) used for optimization procedure is defined as 
 
𝑇𝐹1 = ∑[
𝑤𝑔 ∙ ‖𝑇𝑔,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖 − 𝑇𝑔,𝑜𝑢𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖‖ + 𝑤𝑐 ∙ ‖𝑇𝑐,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖 − 𝑇𝑐,𝑜𝑢𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖‖
+𝑤𝑤 ∙ ‖𝑤𝑣,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖 − 𝑤𝑣,𝑜𝑢𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖‖
]
𝑛
𝑖=1
. (91) 
This functions represents sum of relative errors for all output parameters (air and coolant 
temperature, outlet humidity) and it is dependent on effectiveness coefficients 𝑅𝑝, 𝑅𝑡. By using 
MATLAB function fminsearch(), a minimum of the target function can be found. This minimum 
corresponds to best agreement between model and experimental results. 
Obtained optimal parameters are identified as 
 𝑅𝑝 = 0.87, (92) 
 𝑅𝑡 = 0.98, (93) 
by using weights 𝑤𝑔 = 1;𝑤𝑐 = 1.5,𝑤𝑤 = 0. Because only local optimization method is used 
(multiple runs with different initial guesses to verify the stability of archived parameters), 
additional improvements are possible using a global method, for example, genetic algorithms. 
Results from validation are shown in Fig. 32 – relative error of outlet air and refrigerant 
temperature for all points measurement points. 
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Fig. 32 Validation results for stage 1 
Validation is valid in range 
?̇?𝑔 ∈ ⟨0.0145,0.077⟩ kg/s, 
?̇?𝑐 ∈ ⟨0.134,0.201⟩ kg/s, 
𝑇𝑔,𝑖𝑛 ∈ ⟨39,73⟩ ℃, 
𝑇𝑐,𝑖𝑛 ∈ ⟨10,13⟩ ℃. 
The average error in outlet air temperature is 2.4% and error in outlet coolant temperature is 
2.6%. This is a very good agreement, but further verification is performed. Additional 5 points 
are measured on different heat exchanger (same type, but different dimensions). No increase 
in model error is observed, so proper choice of effectiveness coefficients can be concluded. 
No rapid increase in model error is observed on the boundary of validity range, so reasonable 
extension of this range is possible. 
# 
 
𝑇𝑔,0 
(℃) 
𝑇𝑔,𝑜𝑢𝑡 
(℃) 
𝑇𝑐,0 
(℃) 
𝑇𝑐,𝑜𝑢𝑡 
(℃) 
?̇?𝑔 
(𝑘𝑔/𝑠) 
?̇?𝑐 
(𝑘𝑔/𝑠) 
𝑤𝑣,0 
(1) 
∆𝐻𝑔 
(𝑊) 
∆𝐻𝑐 
(𝑊) 
𝐻𝐵𝑒𝑟𝑟 
(%) 
1 40.14 12.94 11.91 12.65 0.016 0.134 0.006 430.29 418.50 2.73 
2 40.61 12.66 11.30 11.84 0.016 0.201 0.007 457.00 458.61 -0.37 
3 40.36 13.58 11.77 13.19 0.030 0.134 0.006 819.08 801.49 2.15 
4 40.36 13.03 11.16 12.13 0.030 0.200 0.008 838.50 815.81 2.70 
5 39.99 14.90 11.84 13.85 0.046 0.135 0.006 1164.51 1132.36 2.76 
6 40.26 14.18 11.18 12.57 0.045 0.201 0.007 1213.23 1165.50 3.93 
7 40.38 16.16 11.82 14.43 0.061 0.134 0.006 1507.28 1464.60 2.83 
8 40.44 15.33 11.25 13.02 0.061 0.201 0.007 1565.52 1490.73 4.78 
9 39.80 17.21 11.89 14.90 0.076 0.134 0.006 1752.39 1688.10 3.67 
10 40.15 16.44 11.36 13.46 0.077 0.201 0.007 1866.26 1766.33 5.35 
11 69.27 13.42 11.82 13.33 0.014 0.135 0.008 829.85 855.41 -3.09 
12 68.75 12.91 11.26 12.28 0.015 0.199 0.008 829.91 850.82 -2.53 
13 71.19 14.57 12.07 14.65 0.025 0.136 0.006 1447.34 1473.14 -1.79 
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14 71.29 13.60 11.24 13.03 0.025 0.199 0.007 1477.52 1498.03 -1.39 
15 69.04 17.13 12.07 15.88 0.040 0.135 0.006 2150.15 2156.33 -0.29 
16 70.61 16.09 11.24 13.94 0.040 0.199 0.007 2261.97 2250.11 0.52 
17 69.80 19.93 12.14 17.23 0.057 0.135 0.007 2885.02 2875.82 0.32 
18 70.46 18.63 11.36 14.88 0.056 0.199 0.007 2973.64 2931.74 1.41 
19 69.35 21.85 12.07 18.05 0.070 0.134 0.007 3404.72 3366.52 1.12 
20 72.31 21.09 11.45 15.81 0.070 0.199 0.007 3671.76 3635.40 0.99 
Table 3 Measurement points for 1. stage of validation 
3.10.3 Stage 2 validation 
The second stage of validation is performed with condensation on the air side and 
R134a as a refrigerant and its main target is finding coefficients 𝑆𝑝 and 𝑆𝑡 for theoretical mass 
transfer coefficients. Multiple sets of measurements (70 points) are used for this validation, but 
only the selection of points (44 points) is used for model calibration (heat balance error <10% 
required). High sensitivity on input data is observed, mainly in refrigerant mass flow. A similar 
approach using fminsearch is applied and optimal parameters are found. Target (fitness 
function) used for model validation 
 𝑇𝐹2 = 
∑
[
 
 
 
 
 
 
 𝑤𝑔 ∙
‖𝑇𝑔,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖 − 𝑇𝑔,𝑜𝑢𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖‖
𝑇𝑔,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖
+ 𝑤𝑐 ∙
‖𝑇𝑐,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖 − 𝑇𝑐,𝑜𝑢𝑡,𝑚𝑜𝑑𝑒𝑙,𝑖‖
𝑇𝑐,𝑜𝑢𝑡,𝑚𝑒𝑎𝑠,𝑖
+
𝑤𝑓𝑖𝑙𝑚 ∙
‖?̇?𝑓𝑖𝑙𝑚,𝑚𝑒𝑎𝑠,𝑖 − ?̇?𝑓𝑖𝑙𝑚,𝑚𝑜𝑑𝑒𝑙,𝑖‖
?̇?𝑓𝑖𝑙𝑚,𝑚𝑒𝑎𝑠,𝑖
+ 𝑤𝑞𝑎 ∙
‖∆𝐻𝑎𝑖𝑟,𝑚𝑒𝑎𝑠,𝑖 − ∆𝐻𝑎𝑖𝑟,𝑚𝑜𝑑𝑒𝑙,𝑖‖
∆𝐻𝑎𝑖𝑟,𝑚𝑒𝑎𝑠,𝑖
+𝑤𝑞𝑐 ∙
‖∆𝐻𝑟𝑒𝑓,𝑚𝑒𝑎𝑠,𝑖 − ∆𝐻𝑟𝑒𝑓,𝑚𝑜𝑑𝑒𝑙,𝑖‖
∆𝐻𝑟𝑒𝑓,𝑚𝑒𝑎𝑠,𝑖 ]
 
 
 
 
 
 
 
𝑛
𝑖=1
. (94) 
This function has a similar form as 𝑇𝐹1. (equation (91)) Additional terms represent a relative 
error in condensate mass flow and total rate of heat transfer. Due to measurement errors, the 
total rate of heat transfer evaluated from parameters on the refrigerant side is different from 
the rate evaluated from parameters on the air side. Higher precision of parameters on 
refrigerant is expected, so weights are chosen accordingly. Using optimization procedures, 
minimum of function 𝑇𝐹2 is found and optimal corrections for theoretical mass transfer 
coefficients are identified as 
 𝑆𝑝 = 0.31, (95) 
 𝑆𝑡 = 0.31. (96) 
Valid for weights 𝑤𝑔 = 0.5, 𝑤𝑐 = 0.5,𝑤𝑓𝑖𝑙𝑚 = 1,𝑤𝑞𝑎 = 0.4,𝑤𝑞𝑐 = 1.2. In this case, another 
simplification is applied by assuming 
 𝑆𝑝 = 𝑆𝑡, (97) 
This speeds up optimization process very much at a minimal cost of model precision. Results 
from calibration are in Fig. 33 – comparison of the normalized rate of heat transfer on air side 
(ratio of air enthalpy change to inlet air enthalpy) and normalized condensate mass flow (ration 
of condensation mass flow to inlet mass flow of air), evaluated from measurement and model 
results. Measurements points are also divided into 2 groups: SAT – inlet air state is close to 
saturation (RH > 94%) and NON-SAT – RH <= 94%. 
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Fig. 33 Results from stage 2 model validation 
Validation is valid in range 
?̇?𝑔 ∈ ⟨0.0156, 0.111⟩ kg/s, 
?̇?𝑟𝑒𝑓 ∈ ⟨0.004, 0.009⟩ kg/s, 
𝑇𝑔,𝑖𝑛 ∈ ⟨30, 71⟩ ℃, 
𝑇𝑟𝑒𝑓,𝑖𝑛 ∈ ⟨0.5, 24⟩ ℃. 
and additional refrigerant parameters 
𝑝𝑒𝑣𝑎𝑝 ∈ ⟨292, 629⟩ 𝑘𝑃𝑎, 
𝑝𝑐𝑜𝑛𝑑 ∈ ⟨1073, 2589⟩ 𝑘𝑃𝑎. 
Total heat duty predicted by the model agrees with experimental results within 4.6%, and 
condensate mass flow within 4.2%, which is very good agreement. For the same reason, as in 
Stage 1, range of validity can be reasonable extended. 
3.10.4 Stage 3 validation 
The third stage of validation is focused on “data transfer” from the MATLAB model into 
commercial CFD. The main goal is to verify agreement of results from MATLAB and CFD 
simulation and minimize error caused by data transfer. This error is mainly caused by linear 
interpolation of MATLAB results on a mesh in CFD SW. In this stage, condensation on air side 
is present and R134a is used as a refrigerant. Total of 4 fields are transferred - 
?̇?𝑣𝑜𝑙,𝑓𝑖𝑛, ?̇?𝑠𝑢𝑟𝑓,𝑡𝑢𝑏𝑒, ?̇?𝑣𝑜𝑙,𝑓𝑖𝑛, ?̇?𝑠𝑢𝑟𝑓,𝑡𝑢𝑏𝑒. Fields ?̇?𝑣𝑜𝑙,𝑓𝑖𝑛 and ?̇?𝑣𝑜𝑙,𝑓𝑖𝑛 simulate the presence of fins 
and are implemented in for of “volumetric sink field”. Fields ?̇?𝑠𝑢𝑟𝑓,𝑡𝑢𝑏𝑒 and ?̇?𝑠𝑢𝑟𝑓,𝑡𝑢𝑏𝑒. simulate 
the presence of tubes and are implemented in for of “heat/mass flux field”. 
Transfer of volumetric heat/mass sources is validated with following example. MATLAB 
simulation is completed, while heat transfer coefficient on tubes is forced to 0, this represents 
heat exchanger composed only from fins with given temperature distribution. (high water mass 
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flow on coolant is used to maximize heat transfer and mass transfer coefficient is artificially 
increased to maximize mass transfer). Inlet conditions for testing case are 𝑀?̇? = 0.08𝑘𝑔/𝑠, 
𝑀𝑐̇ = 0.19𝑘𝑔/𝑠, 𝑇𝑐0 = 45℃, 𝑇𝑔,0 = 67.2℃,𝑤𝑣,0 = 0.12. After MATLAB simulation is successfully 
completed, data are transferred to CFD SW and implemented into source term for energy 
equations. Results from CFD simulation are shown in Fig. 34. 
 
Fig. 34 Temperature field from CFD simulation with volumetric heat sinks 
MATLAB and CFD results are compared in Fig. 35. Average air temperature along x direction 
(flow direction) in evaporator region is analyzed. 
 
Fig. 35 Average temperature comparison 
Mass fraction field from CFD simulation is shown in Fig. 36. 
 
Fig. 36 Mass fraction field from CFD simulation with volumetric mass sinks 
Average humidity (water vapor mass fraction) along x direction (flow direction) in evaporator 
region is analyzed and compared to MATLAB results in Fig. 37. 
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Fig. 37 Average mass fraction comparison 
Comparison of average outlet parameters shows a minimal error of data transfer from MATLAB 
to CFD. 
 
STAR CCM MATLAB 
Error 11 
(%) 
Error 22 
(%) 
Temp. (°C) 58,44 58,27 0,3 1,9 
Vapor mass fr.(kg/kg) 0,0804 0,0803 0,12 0,25 
Transferred heat3 (W) 756,3 760,9 -0,6 -0,6 
Table 4 Comparison of outlet parameters 
Sensitivity analysis of MATLAB mesh is also performed to verify data transfer, arbitrary inlet 
conditions are used. 
MATLAB 
#elements 
MATLAB results CFD results Error 
NxM Elems 
Tg,out 
(℃) 
wv,out 
(1) 
Qair 
(W) 
Tg,out 
(℃) 
wv,out 
(1) 
Qair 
(W) 
Temp 
(%) 
Humid 
(%) 
Qair 
(%) 
179 x 291 52089 58.25 0.08020 762.0 58.44 0.0803 756.0 -0.33 -0.12 0.79 
154 x 251 38654 58.27 0.08030 761.0 58.47 0.0805 754.1 -0.34 -0.25 0.91 
129 x 210 27090 58.29 0.08050 760.1 58.49 0.0807 751.9 -0.34 -0.25 1.08 
112 x 182 20384 58.33 0.08070 758.3 58.53 0.0810 748.6 -0.34 -0.37 1.28 
73 x 119 8687 58.40 0.08175 756.2 58.62 0.0821 741.7 -0.38 -0.43 1.92 
Table 5 Data points for sensibility analysis of MATLAB mesh on data transfer 
A sufficient number of elements in MATLAB model is ca.30 000. (for given geometry) Further 
mesh improvement doesn’t provide much higher precision (a difference between MATLAB and 
CFD), but significantly increases computation time (an increase from 4 min to 10 min) in 
MATLAB. A similar analysis is done with 3 other inlet conditions, but alike results are obtained. 
Biggest deviation is in total transferred heat (integral volumetric heat sinks over evaporator 
domain) and is not exceeding 1.9% (Fig. 38). 
                                               
1 Error 1 – difference at outlet/MATLAB outlet 
2 Error 2 – difference at outlet/abs(MATLAB inlet – MATLAB outlet)  
3 Without latent heat of condensation 
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Fig. 38 Sensibility analysis of MATLAB mesh on data transfer 
Only volumetric heat/mass sources are applied in the previous section. In order to verify 
transfer of heat/mass fluxes, tube surfaces (and tube bundle itself) need to be defined in 
evaporator regions. Java scripts (described in more detail in chapter 4.2) are used to easily 
generate these tube surfaces (identified as boundaries) and assign appropriate values of heat 
and mass fluxes. A precision of data transfer of these fluxes (volumetric heat sources are 
excluded) is performed for multiple inlet conditions and geometrical parameters and error of 
outlet parameters (air temperature, humidity and total rate of heat transfer) does not exceed 
0.2%. 
In the final step, simultaneous data transfer of both types of fields is verified. Developed 
procedure (chapter 3.12 and 4) based on Java scripts and macros is used for this. A total of 
20 different inlet conditions and geometrical parameters is applied and error (a difference 
between MATLAB and CFD result) of outlet parameters is evaluated. A maximal error does 
not exceed 1.9%, which is same as for volumetric heat sinks only. From this fact, it can be 
concluded that majority of overall error is caused by imprecise interpolation of volumetric sinks. 
An example of temperature field from CFD simulation is in Fig. 39. (inlet conditions: 𝑇𝑔0 =
45℃,  𝑇𝑐0 = 22,  ?̇?𝑔0 = 0.1 𝑘𝑔/𝑠, ?̇?𝑐0 = 0.1 𝑘𝑔/𝑠, 𝑤𝑣0 = 0.00078 𝑘𝑔/𝑘𝑔) 
 
Fig. 39 Temperature field from CFD simulation 
One problem with data interpolation is discovered after tubes are added into evaporator 
domain– heat/mass sinks fields interpolated in CFD are distorted close to tube surface. 
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Additional interpolation at tube cross-section in MATLAB model is added to improve precision 
of data transfer. Comparison of previous and improved interpolation method for arbitrary inlet 
conditions is shown in Fig. 40. 
 
Fig. 40 Sink field repair 
The overall precision of data transfer is verified and corrected in this chapter. Very good 
agreement of all important parameters between MATLAB and CFD simulation is achieved with 
an error not exceeding 1.9%. The main cause of this error is a linear interpolation of MATLAB 
results (3D fields) on CFD mesh, which is done with built-in functions, that cannot be easily 
modified. 
3.10.5 Stage 4 validation 
Final validation stage is focused on verification of MATLAB model with non-
homogenous inlet conditions. To have well defined inlet conditions, simple partial blockage of 
frontal area applied in horizontal and vertical direction is used. Comparison of simulation 
results from MATLAB and CFD model to experimental data is also done. 
Vertical blockage of 20, 40 and 60% frontal is in CFD modeled as cut-out of evaporator and 
outlet region, because fins don’t allow air flow in z direction (perpendicular to fins). MATLAB 
model is modified by decreasing number of fins and total width of heat exchanger. 
 
Fig. 41 Vertical blockage modeled in CFD 
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Total of 9 points are measured (3 different inlet conditions for every blockage), analysis of 3 
selected points is shown in Table 6. 
 
 Experiment MATLAB CFD 
Inlet air temp. 
(℃) 
39,7 39,8 39,9 39,7 39,8 39,9 39,7 39,8 39,9 
Air mass flow 
(g/s) 
52,4 52,1 51,9 52,4 52,1 51,9 52,4 52,1 51,9 
Inlet RH (%) 96 96 96 96 96 96 96 96 96 
Outlet air temp. 
(℃) 
36,30 36,52 36,71 36,32 36,49 36,57 36,27 36,57 36,42 
Outlet mass fr. 
(1) 
0,0395 0,0400 0,0410 0,0395 0,0397 0,0400 0,0394 0,0397 0,0399 
Condensate 
flow (g/s) 
0,387 0,382 0,383 0,371 0,368 0,367 0,366 0,369 0,374 
Heat duty (W) 1095 1086 1078 1099 1087 1085 1089 1078 1070 
Latent heat (W) 933 920 923 894 888 885 903 889 869 
Sensible heat 
(W) 
162 166 155 205 199 200 186 189 201 
HB error (%) 1,5 0,7 1,2 0,4 0,2 0,9 → 0 → 0 → 0 
Blockage (%) 20 40 60 20 40 60 20 40 60 
Table 6 Selected results of vertical blockage simulation and comparison to exp. data 
The very small difference between numerical simulations and experimental results is observed, 
not exceeding 3,2% for condensate mass flow. This error is insignificant, considering an error 
of data transfer and measurement precision (condensate mass flow is measured as a time 
integral of collected condensate in a graduated cylinder during 15 min interval). Velocity field 
for 60% of vertical blockage is shown in Fig. 42 as an example. 
 
Fig. 42 Velocity field from CFD simulation for 60% of blockage 
An interesting conclusion can be made from temperature field comparison. It is obvious, that 
even with 40% of heat transfer are blocked, the refrigerant temperature reaches inlet air 
temperature in the first column of tubes, so evaporator is for selected inlet conditions very 
oversized. For 60% of blockage, the second column of tubes gets slightly involved in heat 
transfer. 
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Fig. 43 Temperature fields from CFD simulation for 20, 40, 60% of vertical blockage 
Simplified horizontal blockage is modeled as a baffle in front of evaporator domain, covering 
20, 40 and 60% of the frontal area. A thickness of baffle is 2 mm and no modifications are 
made to MATLAB model (all dimensions are the same). 
 
Fig. 44 Horizontal blockage modeled in CFD 
Another 9 points with similar inlet conditions are measured on the test rig and results are 
analyzed. Comparison of 3 selected points is done in Table 7. 
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 Experiment MATLAB CFD 
Inlet air temp. 
(℃) 
39,7 39,8 39,9 39,7 39,8 39,9 39,7 39,8 39,9 
Air mass flow 
(g/s) 
52,4 52,1 51,9 52,4 52,1 51,9 52,4 52,1 51,9 
Inlet RH (%) 96 96 96 96 96 96 96 96 96 
Outlet air 
temperature (℃) 
36,30 36,52 36,71 36,35 36,44 36,56 36,42 36,53 36,73 
Outlet vapor 
mass fraction (1) 
0,0395 0,0400 0,0410 0,0396 0,0398 0,0401 0,0392 0,0396 0,040 
Cond. flow (g/s) 0,387 0,382 0,383 0,370 0,368 0,363 0,368 0,365 0,363 
Heat duty (W) 1095 1086 1078 1094 1088 1076 1084 1074 1075 
Latent heat (W) 933 920 923 891 886 876 898 890 894 
Sensible heat 
(W) 
162 166 155 203 202 200 186 184 181 
HB error (%) 1,5 0,7 1,2 0,1% 0,3% 0,1% → 0 → 0 → 0 
Blockage (%) 20 40 60 20 40 60 20 40 60 
Table 7 Selected results of horizontal blockage simulation and comparison to exp. data 
Almost no difference in temperature fields from CFD simulations is observed, which is 
expected, because same heat/mass sink fields from MATLAB simulation are used. From air 
temperature distributions is obvious that evaporator is for selected inlet conditions oversized, 
because all refrigerant is vaporized within the first column of tubes, so no heat exchange 
occurs in a large portion of the evaporator, which agrees with results from vertical blockage 
measurement. A similar maximal error of 3,1% in condensate mass flow is observed. An 
example of temperature fields for 20, 40 and 60% of blockage is in Fig.45. 
 
Fig. 45 Temperature fields from CFD simulation for 20, 40, 60% of horizontal blockage 
3.11 Model usage 
Following chapters should be used as a short manual that helps setting up the model, 
running simulation and processing results. Model is used as a standard MATLAB application 
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(*.m file or MATLAB gui file), so MATLAB SW is required. (version R2014b or later) No previous 
knowledge of MATLAB or other programming languages is required prior using the model. 
3.11.1 Working folder description 
 All files and folders located in model root directory are described in Appendix 1. 
3.11.2 Text/*.m file interface 
The first developed and more basic version of MM is “text file” version – all solver 
parameters, initial conditions and geometrical parameters are controlled and modified through 
“text files” (*.m files – MATLAB native files) located in “Params” folder. This is standard 
approach to control variables and parameters of MATLAB applications, that is straightforward 
for more experienced users and provides direct control for more advanced parameters of the 
model. 
 
Fig. 46 Params folder content 
Description of files “Evap_Params_standalone.m” and “Init_standalone.m” is in Appendix 2. 
3.11.3 Menu interface 
Model is also equipped with user menu (developed in MATLAB GUI tool) for a more 
user-friendly environment, that should be used by less experienced MATLAB users, to avoid 
possible errors and mistakes. The menu is started by running “Menu.m” in working folder. 
 
Fig. 47 Running model with menu interface 
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Description of menu interface is in Appendix 3. 
3.11.4 Simulation procedure 
Simulation procedure using MATLAB model is similar to other numerical simulations – 
initial run with a coarse mesh, finding optimal initial parameters and choosing stable solver, 
final run on a fine mesh and data post-processing. The code is optimized for a 1 core 
application (except built-in MATLAB functions that can handle multiple cores), so using it on 
laptop or PC is recommended. A strategy of gradually increasing mesh resolution is 
recommended, because the combination of a high number of iterations (𝐾𝑀𝑖𝑡) and very fine 
mesh can lead to very high overall computation time without guaranteed convergence. (See 
Fig. 48) 
Average Iteration time is analyzed using 4-core CPU, 3,3 GHz, 64bit, 8GB DDR2 RAM 
machine. 
 
Fig. 48 Iteration time vs mesh size 
Recommended steps of simulation in MATLAB model with “menu” interface: 
1. Start user menu (“Menu.m”) and specify inlet/geometry parameters. 
2. Solver selection and simulation testing run: 
a. for the first run using FORCED solver is recommended (not required) to verify 
that 𝑄𝑓𝑟 > 1 → all refrigerant is evaporated. Do not save results (43) nor create 
sinks for STAR-CCM+(44). (recommended number of iterations KMit(12) ~ 30) 
b. For the second run use STANDART solver without REDISTRIBUTION 
CORRECTION to check if solution is stable. (see note 9) Do not save results 
(43) nor create sinks for STAR-CCM+(44). (recommended number of iterations 
KMit(12) ~ 200) 
c. If solution from previous steps is stable, use REDISTRIBUTION CORRECTION 
to minimize HB error. (recommended number of iterations KMit(12) ~ 200). If 
solution from previous step is not stable, use CAREFUL solver. (recommended 
number of iterations KMit(12) ~ 300) 
3. If HB error from point c is not sufficient, use final value of URFqMod(54) as an initial 
value for next run. (recommended number of iterations KMit(12) ~ 100-300) 
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4. If HB error from previous point is sufficient, use final value of URFqMod(54) as an initial 
value and disable RC modification by setting dURFq(54) = 0, HBLim(57) = 0, 
dURFqLim(58) = 0. At this point you should create sources for STAR-CCM+ (44) and 
also save results (43). (recommended number of iterations KMit(12) ~ 100) 
3.11.5 Solver choice 
MATLAB model is equipped with 3 main solvers – STANDART, CAREFUL, FORCED. 
STANDART solver follows diagram if Fig. 18 and provides the fastest simulation with high 
precision, but in some cases, mainly if refrigerant gets superheated very quickly (for example 
the refrigerant temperature in 3rd tube section is equal to inlet air temperature), STANDART 
solver will be unstable (of keeps oscillating between 2 modes) and will not give reliable results. 
The error message may also appear in MATLAB Command window after couple iterations: 
 
Fig. 49 Error message triggered by simulation instability 
In this case, one option is to decrease under relaxations factors (URF for refrigerant 
temperature and surface temperature distribution), but using CAREFUL solver is 
recommended. Usually, this solver is slower, because the algorithm is based on optimization 
of 2 parameters - 𝑄𝑓𝑟 (desired value 𝑄𝑓𝑟 = 1) and 𝐻𝐵𝑒𝑟𝑟 (desired value 𝐻𝐵𝑒𝑟𝑟 = 0).  
 
Fig. 50 𝑄𝑓𝑟vs iteration number 
FORCED solver can be used for quick verification that all refrigerant gets evaporated for given 
air inlet conditions. (if parameter 𝑄𝑓𝑟 ≥ 1 all refrigerant is evaporated, if 𝑄𝑓𝑟 ≤ 1, only 100 ∙
𝑄𝑓𝑟% of refrigerant is fully evaporated – for example: 𝑄𝑓𝑟 = 0.65 → 65% of refrigerant is 
vaporized in evaporator outlet) 
3.11.6 Solver initiation process 
After solver is initiated (“Solve HE!” button in user menus pressed or “EVAP_main.m” 
is executed), evaporator parameters and initial conditions are loaded, meshing is performed 
(sub-optimization based on minimization of tube cross section error), after that, global stiffness 
matrix for FEM method is assembled and LU factorization is performed. Multiple messages 
appear in Command Windows in MATLAB. 
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Fig. 51 Solver initiation – messages in Command Window 
Description of messages: 
I. User specifies folder where to save results (or not save results at all). 
II. Solver used for simulation (specified in menu or in “Evap_Params_standalone.m”). 
III. Loading inlet/initial conditions and HE dimensions. 
IV. Meshing, creating table of tube positions, generating tube bundle and section shape. 
V. Assembling stiffness matrix for FEM and LU factorizing. 
If no errors are detected (incorrect input of solver choice), solver starts iteration process and 
basic monitors are displayed. 
3.11.7 Solution stability 
A required property of solution (of numerical methods) to achieve convergence is its 
stability, so it is important to monitor this property. Stability can be checked online during 
simulation – with iterations residuals. In this model, temperature residuals are defined as 
 
𝛿𝑇𝑗
(𝑖) = |
𝑚𝑎𝑥 (𝑻𝑗
(𝑖+1) − 𝑻𝑗
(𝑖))
?̅?(𝑖)𝑗
|, (98) 
where i – iteration number, j – temperature field (air, fin, refrigerant) and humidity residuals as 
 
𝛿𝑤𝑣
(𝑖) = |
𝑚𝑎𝑥 (𝒘𝒗
(𝑖+1) − 𝒘𝒗
(𝑖))
?̅?(𝑖)𝑣
|. (99) 
 
Fig. 52 Iteration residuals 
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The second option to check stability is to monitor heat balance error and refrigerant 
temperature distribution. Heat balance error is defined as 
 
𝐻𝐵𝑒𝑟𝑟 = 100 ∙
∆?̇?𝑔 − ∆?̇?𝑟𝑒𝑓 − ?̇?𝑓𝑖𝑙𝑚
∆?̇?𝑔
, (100) 
where enthalpy change on air side is equal to 
 ∆?̇?𝑔 = ?̇?𝑔,𝑖𝑛 − ?̇?𝑔,𝑜𝑢𝑡 = (101) 
= ?̇?𝑔,0 (𝑤𝑎,0𝑐𝑝,𝑎𝑇𝑔,0 + 𝑤𝑣,0(𝑐𝑝,𝑣𝑇𝑔,0 + 𝑙23,0))
− ?̇?𝑔,𝑜𝑢𝑡 (𝑤𝑎,𝑜𝑢𝑡𝑐𝑝,𝑎𝑇𝑔,𝑜𝑢𝑡 + 𝑤𝑣,𝑜𝑢𝑡(𝑐𝑝,𝑣𝑇𝑔,𝑜𝑢𝑡 + 𝑙23,0)). 
and enthalpy change on refrigerant side 
 ∆?̇?𝑟𝑒𝑓 = ∆?̇?𝑟𝑒𝑓,𝑜𝑢𝑡 − ∆?̇?𝑟𝑒𝑓,𝑖𝑛 (102) 
= ?̇?𝑟,0 (𝑐𝑝,𝑟|𝑇𝑟,𝑜𝑢𝑡
 𝑇𝑟,𝑜𝑢𝑡 + (𝑙23,𝑟|𝑇𝑟,0
− ∆𝑙23,𝑐𝑜𝑛𝑑|𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡,𝑝𝑐𝑜𝑛𝑑
) − 𝑐𝑝,𝑟|𝑇𝑟,0
 𝑇𝑟,0). 
 
Fig. 53 Heat balance error 
 
Fig. 54 Refrigerant temperature distribution 
Temperature distribution should stabilize after couple iterations regardless of using 
STANDART solver settings, otherwise, CAREFUL solver should be used. 
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3.11.8 Solver completion 
If there is no problem during simulation, the solver will achieve a required number of 
iterations (𝐾𝑀𝑖𝑡), complete all sub-procedures (to achieve 100% completion) and will end with 
the following message. 
 
Fig. 55 Proper simulation completion 
A total number of iterations may be higher than specified value if IIAllow parameter is set to 
true (Iteration Increase Allowed) – solver keeps increasing number of iterations until sufficient 
HB error is achieved. 
After the simulation is completed, 4 main reports show in Command Window to provide basic 
information about outlet parameters, heat duty heat transfer coefficients and heat/mass sinks 
for CFD. List of main reports: 
▪ Basic report (see Appendix 4) 
▪ Enthalpy report (see Appendix 4) 
▪ HT report (see Appendix 5) 
▪ Heat and mass sinks creation (see Appendix 5) 
Also 6 plots are displayed after successful simulation: 
▪ Mixture (air) temperature over plate - contour plot (see Appendix 6) 
▪ Mean air/coolant temperature along x direction - line plot (see Appendix 7) 
▪ Mean humidity along x direction (mass fraction/RH/specific humidity) - line plot (see 
Appendix 8) 
▪ Volume condensation rate - contour plot (see Appendix 9) 
▪ Air saturation - contour plot (see Appendix 10) 
▪ Iteration deviations - line plot (see Appendix 11) 
3.12 Data transfer and POD method 
3D fields generated by MATLAB are not directly compatible with CFD, so some 
procedure that will transform data from MATLAB to CFD code is required. A suitable option is 
to use *csv files, where data are stored in the format [𝑥, 𝑦, 𝑧, 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦], import this file into CFD 
and then use in-built interpolation functions to reconstruct original MATLAB field. Identical 
coordinate systems for MATLAB and CFD model is required. Minor data loss is expected due 
to interpolation in locations with large gradients (an area close to tube surface), but this can be 
improved by using mesh with higher resolution in both MATLAB and CFD, validation of 
precision of data transfer is performed in chapter 3.10.4. To speed up the process of data 
transfer, automatic MATLAB procedure is developed. After the final simulation is complete 
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(final run with reasonable HB error and appropriate mesh), heat and mass sinks should be 
created. There are 2 options for that: 
1. Check “Create sources for STAR-CCM+” (item 44) in user menu 
2. Create sources separately by running “QM_sinks_STAR_standalone.m” 
 
Fig. 56 Heat sources creation messages 
If the first option is used, all files (see Appendix 12) for data transfer can be found in subfolder 
“STAR_data_standalone” of the folder you specified during solver initiation. 
 
Fig. 57 Heat and mass sinks in specified folder 
If the second option is used, all files can be found in “STAR_data_standalone” folder directly 
in working folder. 
 
Fig. 58 Heat and mass sinks in default folder 
Description of files for data transfer can be found in Appendix 12. 
Another improvement of data transfer process is done by incorporating the discrete version of 
POD (Proper Orthogonal Decomposition) method - Method of Snapshots. This method allows 
to simplify a large amount of data into a smaller package and also to reconstruct solution for 
given (directly unsolved) inlet parameters very quickly. Input for POD method is set of direct 
MATLAB solutions for different parameters – inlet conditions. 
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Fig. 59 POD and RBF method schema 
All fields from solution are then decomposed into average values and fluctuation, which is then 
decomposed into modes and amplitudes (decomposition method is covered in [21]). 
Reconstructed solution for given inlet conditions can be written symbolically as  
 
𝑶𝑼𝑻𝑷𝑼𝑻𝒑𝒂𝒓𝒂𝒎𝑘 = 𝑶𝑼𝑻𝑷𝑼𝑻𝑚𝑒𝑎𝑛 + ∑𝑴𝑶𝑫𝒋 ∙ 𝑨𝑴𝑷𝑳𝑰𝑻𝑼𝑫𝑬𝒑𝒂𝒓𝒂𝒎𝑘,𝑗
𝒏
𝒋=𝟏
, (103) 
where n is number of modes. Fields 𝑶𝑼𝑻𝑷𝑼𝑻𝒎𝒆𝒂𝒏 and 𝑴𝑶𝑫 are constant, but 𝑨𝑴𝑷𝑳𝑰𝑻𝑼𝑫𝑬 
is a function of inlet conditions that needs to be constructed based on direct solutions with 
Radial Basis Functions (RBF) in Gaussian form. Overall approximation function can be 
interpreted as RBF network. 
 
ℎ(𝑥) = 𝑏 + ∑ ℎ𝑘(𝑥)
𝑁
𝑘=1
= 𝑏 + ∑ 𝑤𝑘𝑒
−𝛾‖𝒙−𝒙𝑘‖
2
𝑁
𝑘=1
. (104) 
Where 𝑥 is arbitrary points in n-D parameter space and 𝑥𝑘 is a point for which direct simulation 
is performed. Coefficients 𝑏 and 𝑤𝑘 are trained with data from direct solutions by MATLAB 
optimization method fminsearch. Target (fitness) function is defined as 
 
∆𝑡𝑜𝑡= ∑ ∆(𝑥𝑘)
𝑁
𝑘=1
, (105) 
where sample error function is evaluated as 
 ∆(𝑥𝑘) = (ℎ(𝑥𝑘) − 𝑦𝑘)
2. (106) 
Total approximation error function can be then written as 
 
∆𝑡𝑜𝑡= ∑ ∆(𝑥𝑘)
𝑁
𝑘=1
= ∑ (𝑏 + ∑𝑤𝑙𝑒
−𝛾‖𝑥𝑘−𝑥𝑙‖
2
𝑁
𝑙=1
− 𝑦𝑘)
𝑁
𝑘=1
2
. (107) 
Necessary number of modes required to “precise” approximation is determined from quantity 
called level of correlation and it is defined as 
 
𝐿𝑛 =
∑ 𝜆𝑗
𝑛
𝑗=1
∑ 𝜆𝑗
𝑁
𝑗=1
;  𝑛 = 1,2, … , 𝑁 (108) 
Where N is a number of direct simulations and n is a number of modes, choose so 𝐿𝑛 > 0.99. 
Implementation of POD and RBF method into the mathematical model is covered more deeply 
in my previous work [21]. 
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4 CFD implementation 
MATLAB model provides results quickly and easily, but in some situations, a further 
refined solution with more complex aerodynamical effect from complex geometry is required. 
For example, simulation of whole heat pump cycle with an evaporator, condenser, inlet and 
outlet duct. All this relates to complex geometry and non-uniformities in inlet and outlet 
parameters, so simplified MATLAB model cannot provide desired results. In case like this, CFD 
simulation is suitable, because it can handle complex geometry and flow distribution easily, 
but modeling heat transfer and condensation on fins and tube bundle would be very 
complicated, so results from simplified MATLAB model (heat and mass sinks) are used. To 
simulate heat transfer and condensation (mass transfer) inside evaporator within CFD SW, 
heat and mass sink fields need to be defined through whole evaporator region. There are 2 
types of heat/mass sinks – volumetric sinks simulate heat/mass transfer on fins and surface 
fluxes simulate transfer of tubes. These fields are obtained with MATLAB model and are 
imported through *.csv files. An approach based on a porous medium is used, which allows 
easy implementation of sinks fields and also to define specific pressure drop (porous and 
viscous resistance) in all 3 directions, to model presence of fins and tubes. Coefficients for 
porous and viscous resistances are derived from measurements of pressure drop. 
Coefficients for Porous Inertial Resistance. (with respect to local coordinate system) 
 𝑃𝐼𝑅𝑥𝑥 = 60.6 𝑘𝑔/𝑚
4 (109) 
 𝑃𝐼𝑅𝑦𝑦 = 38.7 𝑘𝑔/𝑚
4 (110) 
 𝑃𝐼𝑅𝑧𝑧 = 0 𝑘𝑔/𝑚
4 (111) 
Coefficients for Porous Viscous Resistance. (with respect to local coordinate system) 
 𝑃𝑉𝑅𝑥𝑥 = 37.6 𝑘𝑔 ∙ 𝑚
−3 ∙ 𝑠−1  (112) 
 𝑃𝑉𝑅𝑦𝑦 = 37.2 𝑘𝑔 ∙ 𝑚
−3 ∙ 𝑠−1 (113) 
 𝑃𝑉𝑅𝑧𝑧 = 10 000 𝑘𝑔 ∙ 𝑚
−3 ∙ 𝑠−1 (114) 
Measurements were performed only in x and y direction, so only estimated values for 
coefficients (𝑃𝐼𝑅𝑧𝑧, 𝑃𝑉𝑅𝑧𝑧) in z direction (perpendicular to fins) are used. 
Heat sinks in STAR-CCM+ are defined as “Volumetric heat sources” and mass sinks 
as “Species sources” in evaporator region. In order to speed up the whole process of CFD 
simulation set-up, multiple Java/C scripts/macros are developed. Scripts create basic 
evaporator geometry (block 𝐿𝑥×𝐿𝑦×𝐿𝑧𝑡𝑜𝑡), tube bundle (based on positions of tube section 
from MATLAB), subtraction of basic HE block and tube bundle to create evaporator region and 
set-up initial and inlet conditions, assign heat/mass sinks into evaporator region and heat/mass 
fluxes on tube surfaces. Simulation set-up is divided into 3 steps. 
In order to set-up CFD model correctly, options for volume mass and heat sinks needs to be 
allowed. This requires using “Segregated Species” and “Segregated Fluid Temperature” 
solvers to be turned on, and 2 “Gas Component” to be specified. Using model of “Ideal Gas” 
is recommended, because no additional corrections are required as for example  
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Fig. 60 Physics model required 
4.1 Step 1 – Heat exchanger definition 
Basic heat exchanger geometry is created by running script “HE_model_creation.java”. 
Running the script displays small menu, where a user is prompted to specify HE dimensions. 
(in mm) Dimensions must agree with dimensions specified in MATLAB simulation, otherwise, 
results will be pointless. After dimensions are specified, hit “SET-UP” button, the message in 
“Output” windows will display: 
 
Fig. 61 HE definition message 
New “3D-CAD Model” is created “HE_model” and then automatically transformed into “Part”. 
 
Fig. 62 New CAD model and part 
CAD model is automatically created in origin of global CS. If any translation or rotation is 
required to fit for example inlet duct geometry, script “HE_transform_menu.java” with simple 
user interface should be used to perform these transformations. 
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4.2 Step 2 – Tube bundle definition 
Only basic geometry is generated in the previous step (block with dimensions 
𝐿𝑥×𝐿𝑦×𝐿𝑧𝑡𝑜𝑡) Next, tube bundle needs to be generated and then subtracted. By running script 
“Tube_create.java”, all necessary parameters (pitch in x and y direction, number of tubes per 
row, number of tube rows, outer tube diameter) are loaded from *.csv files and tube bundle is 
created, following message displays in “Output” windows. All surfaces of tubes are 
automatically assigned into “Wall” boundary type, heat and mass flux through specific tube 
surface solved in MATLAB is also associated with this surface. Meshing operation is also 
modified – higher mesh density is forced on tube surface by the script. 
 
Fig. 63 Tube bundle creation messages 
4.3 Step 3 – Inlet conditions specification 
Script “UDF_create.java” loads information about inlet conditions and define all 
functions necessary to interpolate heat/mass sinks. A user is prompted to specify inlet 
conditions (range of inlet parameters is loaded automatically from MATLAB simulation file 
“VarParRange.csv”). If POD method is used, range of inlet parameters available is displayed 
in “< >”, otherwise only the same inlet conditions as in MATLAB simulation should be used. 
 
Fig. 64 Initial conditions prompt and range of parameters loaded from MATLAB file 
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5 Summary and discussion 
The main subject of this master’s thesis is the heat and mass transfer modeling inside 
heat exchangers used in air dehumidification applications. The originality of the work resides 
in the development of a MATLAB model used to treat the heat and mass transfer in presence 
of humidity as source terms that are then imported in a CFD model commercial code to take 
into account the 3D complexity of the flow through the heat exchanger. 
The focus of the work is specifically on the evaporator. The evaporator is located in the 
heat pump circuit along with a condenser, compressor and a capillary tube/reduction valve. 
There exist many types of heat exchanger geometries; this work is addressing the compact 
type (finned tube). Such heat exchanger is composed of a long tube that is bent to create 
multiple passes and a set of parallel fins are mounted on the tube bundle to increase the 
surface of exchange between circulating air and the heat exchanger. The fin corrugation is 
eventually taken into account in the final model by increasing the fin area by playing on some 
geometrical factors. A typical refrigerant used in heat pump circuits is R134a, which requires 
precise knowledge of the fluid properties in order to precisely simulate its state. General 
functions of pressure and temperature are created for all necessary fluid parameters, based 
on information from literature and National Institute of Standards and Technology.  
Standard methods for heat exchanger analysis are covered in the first chapter. Well-
known analytical methods - LMTD and 𝜀-NTU and their limitations are described. Multiple ad-
hoc numerical models from literature for similar applications are introduced and analyzed to 
evaluate which approach is the most suitable. An important statement is retrieved from 
reference [20], where the author analyzes the dependency of approximation error on a number 
of POD modes and a number of variable parameters. Reasonable precision is achieved by 
using three modes, but dependency on a range of variable parameters needs also to be 
considered.  
Requirements on the mathematical model and its properties are introduced in the 
second chapter. The complexity of the model, mainly its dimensions, are selected to balance 
the precision of results and computational load. The MATLAB software is selected as a model 
development environment, because of its user-friendly environment, the relatively simple 
implementation of matrix operations and the available optimization tools for model validation 
and correction. The model itself is composed of multiple sub-procedures that solve various 
heat and mass transfer problems – fin surface temperature, condensate film temperature, local 
humid air parameters and conditions for condensation as well as the refrigerant temperature 
distribution along the tube bundle. The differential equations for heat and mass balance used 
in the model are then described in Chapter 3.7 and are solved with explicit first order Euler 
method. As a possible improvement of MATLAB model, additional code optimization and 
generalization can be mentioned: the current computation time is approximately 2 second per 
iteration for reasonable mesh density. Instead of using a finite difference method for the air 
temperature distribution and a finite element method for surface temperature distribution, it is 
preferable to use a 2D finite volume method, which may lead to further decrease in the 
computation time.  
The model validation is covered in chapter 3.10. Validation itself is divided into 3 stages, 
to test all necessary components of MATLAB model and maximize the precision of results. 
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The general approach to model validation is developed, so it can be reproduced in the future 
with different model geometry. General optimization tool from MATLAB Optimization Toolbox 
is used – fminsearch, to identify effectiveness coefficients used in heat and mass transfer 
coefficient corrections. A dedicated test rig was built within the department as a parallel activity 
in order to obtain a set of experimental data to support the validation of the numerical approach. 
The first stage of the model validation was done with water as a coolant and no condensation 
on air side: the average error on the output parameters (air and coolant outlet temperature) 
was 2.6 % over 20 measured points which demonstrates a very good agreement. The second 
evaporator with different geometry was then used over 5 measurement points and confirmed 
the low error percentage. It was therefore concluded that the model has been properly 
designed and the coefficients for heat and mass transfer were correctly identified for the 
considered geometry. With the second stage of validation is the condensation on the air side 
added and the R134a is used as a refrigerant. Another 44 points were measured for the 
purpose of validating the mass transfer coefficient and the Sherwood mass transfer analogy. 
A good precision on the heat duty and the condensate mass flow rate as outcomes of the 
model was again achieved with a relative error to the experimental data set that is not 
exceeding 4.6%. Finally, the third stage of the model validation was focusing on the precision 
of the data transfer between MATLAB and Starccm+, a CFD general purpose commercial 
package. Great agreements between model outputs and experimental data were once more 
achieved. A user manual to MATLAB model is included in this thesis, describing the setup inlet 
conditions, evaporator geometry, solver parameters and control solution stability. 
The final part of the thesis is dedicated to creating an automatic procedure of data 
transfer. This procedure is designed to transform output fields from MATLAB simulation, 
generate *csv files, import these files into Starccm+ CFD code and set-up the whole simulation. 
The results from CFD simulation are compared to results from MATLAB model for various inlet 
conditions and geometrical parameters of the evaporator. The agreement with experimental 
data was analyzed in this step of the validation and overall differences in outlet parameters, 
total heat duty or condensate mass flow are not exceeding 3.2%.  
As a continuation of this work, the model of the condenser should be created. It can be 
simply derived from evaporator model, by excluding condensation procedures and other 
simplifications, so further time reduction of computation time is expected. To complete the 
whole heat pump circuit, simplified model of a compressor and reduction valve should be also 
developed, to be able to simulate circuit as a unit, without measurement of particular 
parameters, like refrigerant temperature in condenser outlet and evaporator inlet, etc. This 
would also require to run the model as a transient analysis, but probably also as quasi-steady 
state to simulate evolution from an initial (stagnation) point. The input parameters could be 
only initial pressure in a pipe system, refrigerant charge and compressor speed. This ultimate 
goal would provide a great tool for optimization of all components of heat pump circuit with the 
scope to reduce component costs but also allow to test system control procedures. 
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Appendices 
Appendix 1 – Working folder description 
There are 9 folders in working (root) directory of MATLAB model and 4 main *.m files. 
Folders and file should not be deleted in order to maintain all functionalities of the model. 
 
Fig. 65 Model folder content 
Folder content: 
I. “Cor_coeffs_interp” folder – contains interpolation function 
II. “data” fodler – contains Menu defaults 
III. “Fluid_properties” folder – contains fluid properties of water and R134a 
IV. “Functions” folder 
V. “Params” folder – contains HE geometrical parameters, solver parameters, inlet 
conditions 
VI. “Solver results” folder – contains data generated during simulation in sub-folder specified 
by user 
VII. “STAR_data_standalone” folder – contains data with heat and mass sinks for STAR-
CCM+ created separately after simulation. 
VIII. “SubScripts” folder – contains model subroutines 
IX. “TAmpReg_data” folder – contains regressions generated during model validation 
a. “EVAP_main.m” file – main execution file for Text/*.m file interface (See chapter Text/*.m 
file interface) 
b. “EVAPm_main.m” file – secondary execution file for Menu interface (this file is automatically 
run after pressing “Solve HE!” button in menu, do not run this file separately) 
c. “Menu.fig” file – contains layout of user menu 
d. “Menu.m” file – main execution file for user menu (See chapter Menu interface) 
e. “QM_sinks_STAR_standalone.m” file – execution file for heat/mass sinks generation 
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Appendix 2 – File description 
a) “Evap_Params_standalone.m” contains solver parameters, HE dimensions, tube 
bundle parameters and superposition parameters (see note 1 for more details) 
b) “Init_standalone.m” contains inlet air conditions, inlet refrigerant conditions and 
refrigerant choice (see note 2 for more details) 
c) “EVAP_main.m” main execution file that starts simulation with parameters specified in 
a) and b). (RMB →Run or F9) 
This approach is probably more comfortable for advanced MATLAB users and allows you to 
directly control advanced solver parameters and more easily debug potential errors during 
simulation. 
Heat exchanger and solver parameters 
All geometrical parameters of heat exchanger and tube bundle is specified in first part 
of “Evap_Params_standalone.m” file – “BASIC USER INPUT” along with basic solver 
parameters, if “text” interface is used. 
 
Line description: 
7- evaporator fin thickness (sheet metal thickness) (in m) 
8- evaporator length (in m) 
9- evaporator height (in m) 
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10- fin pitch (in m) 
11- tube pitch in x direction (in m) 
12- tube pitch in y direction (in m) 
13- outer tube diameter (in m) 
14- tube wall thickness (in m) 
18- Telem parameter – number of elements per tube cross-section 
19- number of iterations for solution 
20- number of iterations for refrigerant distribution solver 
21- mixing parameter for temperature averaging 
22- URF for refrigerant temperature solver 
23- automatic solution for N, M (number of elements in x and y direction) based on minimization 
of area error of tube cross-section 
26- number of fins (without end plates) 
27- number of tube rows in tube bundle 
28- number of tubes per row in tube bundle 
Second part of file includes selection of specific solver (STANDART, CAREFUL, 
FORCED) and advanced parameters for these solvers. 
 
Line description: 
59- initial guess for redistribution correction parameter 
60- initial increment for redistribution correction parameter 
61- 61-automatic increase of number of iterations if HB error is not sufficient (Boolean) 
62- 62-RCS option (Boolean) 
63- minimal HB error (%/100) 
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64- increment for case minimal HB error is achieved (should be small ~(0.01-0.03)), just to 
avoid stagnation of URFqMod(54). 
67- CAREFUL solver option (Boolean) 
68- initial guess for superheating point 
69- initial increment for superheating point (should be changed based on how close the 
simulation is getting close to convergence) 
70- increment for case minimal error of 𝑄𝑓𝑟 is achieved (should be small ~(2-5), just to avoid 
stagnation of superheating point) 
71- minimal error of 𝑄𝑓𝑟 parameter (%/100) 
72- initial delay (number of iterations) for start of RCS solver (URqstart(53) = 30 recommended, 
but can be increased up to KMit(12)/2) 
75- FORCED solver options (Boolean) 
78-  heat and mass sinks for STAR-CCM+ will be created after simulation is complete 
(Boolean) 
Inlet conditions specification 
All inlet and boundary conditions are specified in “Init_standalone.m” file, if “text” 
interface is used. 
 
Line description: 
8- Inlet air temperature (in ℃) 
9- Inlet refrigerant temperature (in ℃) 
10- Initial guess for outer tube surface temperature (automatically set to 𝑇𝑐0) 
11- Inlet mass flow of air (in kg/s) 
12- Inlet mass flow of refrigerant (in kg/s) 
13- Inlet humidity (kg of water vapor per kg of moist air) 
14- Inlet air pressure (barometric pressure) (in Pa) 
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15- refrigerant pressure in evaporator (only for R134a) (in Pa) 
18- condenser outlet refrigerant temperature (only for R134a) (in ℃) 
19- refrigerant pressure in condenser (only for R134a) (in Pa) 
22- refrigerant choice 
23- pressure correction (pressure modified according to 𝑇𝑐0) 
Appendix 3 – Menu interface 
User menu for version 1.0 of evaporator mathematical model is shown in picture bellow. 
 
Menu item description: 
Inlet conditions (air) 
1- Inlet air temperature (in ℃) 
2- Inlet refrigerant temperature (in ℃) 
3- Initial guess for outer tube surface temperature (automatically set to 𝑇𝑐0) 
4- Inlet mass flow of air (in kg/s) 
5- Inlet mass flow of refrigerant (in kg/s) 
6- Inlet humidity (kg of water vapor per kg of moist air) 
7- Inlet air pressure (barometric pressure) (in Pa) 
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Solver parameters 
8- Number of elements in tube section 
9- number of elements in x direction (automatically solved from Telem(8)-by minimization of 
ErrSur(11)) 
10- number of elements in y direction (automatically solved from Telem(8)-by minimization of 
ErrSur(11)) 
11- error of tube section area (%) 
12- number of iterations (may be increased automatically if IIAllow(56) = true) 
13- number of inner iterations for refrigerant temperature distribution solver (Cit(13) = 30 
recommended) 
14- parameter for temperature averaging (should not be changed) 
Superposition parameters (modifiable only if “Modify sup. parameters” button (59) is 
pressed) 
15- correction for effective HT coefficient on fins (should not be changed, calibrated from 
experiments) 
16- correction for effective HT coefficient on tubes (should not be changed, calibrated from 
experiments) 
17- correction for effective MT coefficient of fins (should not be changed, calibrated from 
experiments) 
18- correction for effective HT coefficient of tubes (should not be changed, calibrated from 
experiments) 
19- correction for effective HT coefficient inside the tube (not calibrated, assumed to be = 1) 
Inlet conditions (refrigerant) 
20- refrigerant choice – WATER/R134a 
21- condenser outlet refrigerant temperature (only for R134a) (in ℃) 
22- refrigerant pressure in condenser (only for R134a) (in Pa) 
23- refrigerant pressure in evaporator (only for R134a) (in Pa) 
HE dimensions 
24- presets for heat exchanger dimensions 
25- thickness of fin (in m) 
26- EVAP length (in m) 
27- EVAP height (in m) 
28- fin pitch (in m) 
29- EVAP width (in m) 
30- tube pitch in x direction (in m) 
31- tube pitch in y direction (in m) 
32- tube outer diameter (in m) 
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33- thickness of tube wall (in m) 
34- number of fins (without end plates) 
35- number of tube rows (#) 
36- number of tubes per row (#) 
37- effective area factor in x direction 
38- effective area factor in y direction 
Other options (modifiable only if “Other options” button (61) is pressed) 
39- latent heat of evaporation at 0 ℃ (in J/kg) – should not be changed 
40- initial guess for film thickness ratio on tubes 
41- URF for fin temperature distribution (URFf(41) = 0.3 recommended, may be changed if 
stability is not violated to achieve faster convergence) 
42- URF for refrigerant temperature distribution (URFc(42) = 0.4 recommended, may be 
changed if stability is not violated to achieve faster convergence) 
Post processing 
43- results will be saved after simulation is complete (Boolean) 
44- heat and mass sinks for STAR-CCM+ will be created after simulation is complete (Boolean) 
45- plot results after simulation is complete (Boolean) 
Select solver 
47- solver choice 
48- correction for heat flow redistribution 
Solver options (modifiable only if CAREFUL solver (47) is chosen) 
49- initial guess for superheating point 
50- initial increment for superheating point (should be changed based on how close the 
simulation is getting close to convergence) 
51- minimal error of Qfr parameter (%/100) 
52- increment for case minimal error of Qfr is achieved (should be small ~(2 − 5), just to avoid 
stagnation of superheating point) 
53- initial delay (number of iterations) for start of “Redistribution correction” solver 
(URqstart(53) = 30 recommended, but can be increased up to KMit(12)/2) 
Redistribution correction 
54- initial guess for redistribution correction parameter 
55- initial increment for redistribution correction parameter 
56- automatic increase of number of iterations if HB error is not sufficient (Boolean) 
57- minimal HB error (%/100) 
58- increment for case minimal HB error is achieved (should be small ~(0.01 − 0.03)), just to 
avoid stagnation of URFqMod(54) 
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Advanced options 
59- modify superposition parameters (Boolean) - allow modification of lines 15, 16, 17, 18, 19. 
61- other options (Boolean) – allow modification of lines 39, 40, 41, 42. 
Execution 
60- proper exit from application (using  is not recommended) 
62- solver simulation is initiated (simulation can be terminated by CTRL+C anytime) 
Appendix 4 - Basic report and enthalpy report 
 
 
 
Appendix 5 - HT report and sinks creation 
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Appendix 6 – Mixture temperature plot 
 
Appendix 7 – Mean temperature plot 
 
Appendix 8 – Mean humidity plot 
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Appendix 9 – Volume condensation rate 
 
Appendix 10 – Air saturation plot 
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Appendix 11 – Iteration residuals 
 
Appendix 12 – Data transfer files 
There are 13 files regarding heat and mass sinks. 
 
Files regarding heat and mass sinks 
And 3 file regarding tube bundle geometry. 
 
Files regarding tube bundle geometry 
Any of those files should not be modified to assure compatibility with STAR-CCM+ loading 
functions. 
 
